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ABSTRACT
Enzyme Catalyzed Polymerization and Removal of Bisphenol A from 
Wastewater with Laccase
Katayoon Modaressi
Enzymatic treatment of synthetic wastewater containing bisphenol A (BP A) was 
investigated in the presence and absence of polyethylene glycol (PEG). The study was 
carried out in three distinct phases.
In the first phase, enzymatic treatment of the wastewater was optimized by using 
laboratory batch reactors. Effluent BPA reduction of >95% was considered as a target for 
optimization of laccase and PEG concentrations. The optimum pH for bisphenol A (BPA) 
removal using laccase both in the absence and presence of PEG was 5.6±0.1. Adding of 
PEG reduced the enzyme inactivation and allowed a 5.2-fold reduction in the quantity of 
laccase required. The stoichiometric ratio of BPA and oxygen was approximately 2.
In the post-treatment phase, adding alum to the batch reactors increased in clear 
liquid volume in a settling column both in the presence and absence of PEG. An 
undesired result of this treatment process was a decrease in pH, which was attributed to 
the presence of alum. Addition of lime to the batch reactors, both in the absence and 
presence of the PEG, did raise the pH of the treated waste to approximately 6.0.
Kinetic studies yielded the values of apparent Michaelis constants for BPA and 
oxygen, in the presence and absence of PEG. A kinetic model was developed for batch 
reactions under various laccase, BPA and oxygen concentrations. The correlation between
iii
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the theoretical and experimental results was good indicating that the model employed was 
suitable for describing the reaction kinetics. Further development is required to define the 
mechanisms and kinetics of inactivation, to extend the application of the model to the 
design of a full-scale waste treatment system.
The objective of any waste treatment should be to reduce its impact on the 
environment. Since the enzymatic reaction involves the formation of polyaromatic by­
products that are not soluble, to define the impact of these by products the first step is to 
identify them. These insoluble products were characterized by HPLC-MS and the 
computational software CACHE. More thorough investigation is required to define the 
mechanism of such product formation.
iv
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Bisphenol A (BPA), or 4,4’-isopropylidenediphenol, is a building block for the 
production of flame-retardants, polycarbonate plastics and epoxy resins (Staples et al, 
1998). It is suspected to be an endocrine disrupting chemical (EDC) for hormonal signals 
in animals and has an irreversible effect on the development of the reproductive organs 
(Ashby et a l, 1998; Laws et al., 2000). The final products are used as coatings on 
concrete and steel tanks and pipes used in water supply systems, leading to BPA releases 
to drinking water (Kuch and Ballschmitter, 2001; Hu et al., 2002; Huang and Weber, 
2005). Widespread occurrence of BPA in water sources and wastewaters suggests the 
necessity of monitoring it in river water, in the effluent waters from sewage plants, and in 
landfill leachate (Rudel et al., 1998; Kuch and Ballschmitter, 2001; Ying and Kookana, 
2003; Basheer et al, 2004; Fromme et al., 2002; Khim et al., 1999; Suzuki et al, 2004).
Available conventional biological methods, including conventional activated 
sludge, activated sludge with extended aeration, membrane bio-reactors and various 
physico-chemical methods, including activated carbon and advanced oxidation using 
ozone, developed over the years are capable of removing BPA to very low levels (Clara et 
al., 2004; Clara et al., 2005; Choi et al., 2005). Most of these processes are not selective 
in terms of the range of the pollutants removed during the treatment. These treatment 
strategies are more economically suitable for the treatment of diluted wastewaters and are 
invariably used as polishing steps. Thus the process can become economically prohibitive
1
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for high strength wastes, even when the target pollutant is present at low concentrations 
(Aitken, 1993). They also suffer from such drawbacks as harsh conditions, high cost, 
incomplete removal, formation of toxic by-products and applicability in a limited 
concentration range (Klibanov et al., 1980).
The standards for discharge of bisphenol A are becoming increasingly 
restrictive; therefore, it is important to find an innovative treatment method that is 
effective over a wide range of reaction conditions (Urase and Miyashita, 2002). Research 
is being conducted to develop an alternative approach to the removal of bisphenol A from 
wastewater by using enzyme-based technology.
1.2 Enzyme-based Treatment
In recent years, an enzyme-catalyzed polymerization and precipitation process 
has been explored as a new method for the treatment of aqueous phenolic and anilinic 
molecules (Al-Kassim et al., 1994a; Taylor et al., 1998; Mantha et al., 2002), with the 
bulk of the research done with peroxidases.
The peroxidase-catalyzed oxidative polymerization transforms water-soluble 
organics into water-insoluble compounds without any visible degradation. Most phenols 
and arylamines were removed from water with more than 99% removal efficiency. In this 
treatment strategy, a peroxidase catalyzes the oxidation of phenols and arylamines in the 
presence of hydrogen peroxide (Ibrahim et al., 2001; Mantha et al., 2002).
Researchers initially used horseradish peroxidase and then various other 
peroxidases for removing the toxic organic pollutants from wastewater. Al-Kassim et al. 
(1994) used Coprinus macrorhizus peroxidase (CMP), Caza et al. (1999) used soybean 
peroxidase (SBP), Biswas (1999) used crude SBP, while Ibrahim et al. (2001) used
2
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Arthromyces ramosus peroxidase (ARP). This approach has also been taken to remove 
BPA (Caza et al, 1999; Hirano et al., 2000; Tsutsumi et al., 2001). Several researchers 
proposed that instead of peroxidases, laccases might be useful for removing phenolic 
contaminants from water or wastewater (Bollag et al., 1988; Thurston, 1994). Laccases 
have multiple copper atoms at their active sites and, instead of hydrogen peroxide, utilize 
molecular oxygen as the oxidant for a variety of phenols, such as BPA to the 
corresponding reactive phenoxyl radicals (Fukuda et al, 2004).
1.3 Polyethylene glycol as Protective Additive
One of the major limitations in developing peroxidase and laccase catalysis for 
industrial applications is the susceptibility of the enzyme to inactivation (Gianfreda and 
Bollag, 1994; Aitken and Heck, 1998). This remains one of the most significant obstacles 
to eventual full-scale application of the process. In an effort to reduce the treatment cost, 
recent research with peroxidases, in analogous reactions, has focused on reducing enzyme 
inactivation by using high molecular mass polyethylene glycol (PEG) (Wu et al, 1993; 
Nakamoto et al, 1992; Nicell et al., 1995), even though the mechanism of protection is 
not yet fully understood. The effectiveness of PEG is a function of its concentration 
(Nicell et al., 1995; Wu et al, 1997).
This additive has never been tested for its ability to suppress the inactivation of 
laccase. In addition, little is known concerning the fate of the PEG after the treatment has 
been accomplished. Should a large fraction remain in solution following treatment, it 
would represent an added burden to subsequent treatment processes.
3
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1.4 Separation of Products
The effectiveness of enzymatic treatment relies on the removal of polymers from 
the solution as the effluent quality of the treatment, mainly TOC, will be affected by these 
products. The BPA precipitate is composed of fine particles, which provides settling 
problems after the enzymatic reactions (Modaressi et al., 2006). Since the pK* of BPA is 
10.52 (Kosky, 1991; Staples et al., 1998), alum is considered to be a good coagulant 
because of its inherent acidity.
The removal capacity of alum depends on the hydroxo complex formed during 
the coagulation flocculation process. The degree of hydrolysis and the solubility of the 
products generated is pH dependent (Stumm and Morgan, 1996; Langmuir, 1997). 
Although there are many species generated in different pHs, between the pH values of 6.0 
and 8.0, the sparingly soluble hydroxo complexes of aluminum are the dominant species 
(Stumm and Morgan, 1996; Langmuir, 1997). Below pH of 5.0, free aluminum ions are 
the dominant species, while Al(OH)4' is dominant above a pH of 8.0 (Stumm and 
Morgan, 1996; Langmuir, 1997). Due to hydroxo complexes forming at near neutral pH 
values, the solution to be treated would require pH adjustment before an aluminum cation 
salt could be implemented as a flocculant. After adding alum, the pH is reduced to 
approximately 5.0 (Modaressi et al, 2006); and therefore, in order to provide proper pH 
for soluble hydroxo complexes of aluminum, adjusting the pH between 6.0 to 8.0 is 
necessary. Lime is a proper candidate for the pH adjustment due to inexpensive price, 
moderate change in pH, prevalent application in water treatment and availability.
Therefore under optimum conditions, after enzymatic reaction, when the 
removal efficiency was higher than 95%, alum was tested for its capacity to improve the
4
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settling velocity of the precipitate. Lime was added in order to provide the proper pH for 
the proposed separation method.
1.5 Identification of Products
A major concern about the enzymatic reaction is the nature and fate of the 
reaction products. Although a number of papers have been devoted to understand the 
mechanism and metabolic pathway for peroxidases, through identification of the products 
(Hirano et al. 2000, Tsutsumi et al., 2001), the metabolic pathway of laccase removal of 
phenolic compounds especially BPA remains unclear.
Dec and Bollag (1994) suggested that due to extreme multitude and diversity of 
the products formed, dimers as initial products would provide useful information to 
determine the prevailing coupling routes. Identification of intermediates and products can 
provide detailed reaction pathways. However, as these products are unavailable as 
standard chemicals with specified characteristics and analytical measurement methods; 
the analytical method faces a burden due to the lack of opportunity to compare. Cache 
molecular modeling along with other software for geometry optimization can be a useful 
guide regarding the radical reactivity using density functional theory (DFT) (Bernardi et 
al., 2002) to predict as to how BPA radicals tend to be coupled.
1.6 Kinetics of Enzymatic Reaction
The substrate oxidation catalyzed by laccase is a one- electron reaction, in which 
a free (cation) radical is generated (Thurston, 1994). The unstable radical may undergo 
further step-wise, non-enzymatic coupling reactions leading to the formation of insoluble
5
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polymers (Tatsumi et al. 1992, 1994). The polymeric precipitate could be removed by 
filtration or sedimentation.
An understanding of the mechanisms and kinetics of enzyme systems is essential 
for the design of efficient reactor systems to carry out industrial processes. It is believed 
that the mechanism of laccase catalysis involves three steps: (1) the reduction of copper 
Type 1 by oxidizing a substrate, (2) internal electron transfer between the different copper 
types, and (3) the reduction of O2 to water at the Type 2 and the Type 3 copper sites 
(Messerschmidt, 1994; Thurston, 1994; Yaropolov et al., 1994). The rate-determining 
step for the overall catalytic cycle is substrate oxidation (Solomon et al., 1996). The 
knowledge of kinetics for the laccase-oxygen-aromatic compound system is essential in 
order to gain an improved understanding of the treatment process, and ultimately to aid in 
the design of a suitable reactor system through process development, optimization and 
scale-up.
1.7 Objectives
The primary objectives of this study were to: (i) identify the conditions under 
which laccase maybe used most effectively to treat aqueous bisphenol A over a range of 
concentrations, with and without additives, and to remove the precipitate; (ii) determine 
kinetic constants for the reactions, (iii) develop a kinetic model to predict the behavior of 
removal process, and (iv) identify the precipitated products, to understand the 
environmental impact of enzymatic reaction.
1.8 Scope
The study was conducted in the following phases:
6
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• Investigate the feasibility of using laccase to catalyze the oxidation of bisphenol A 
and precipitate or co-precipitate the by-products in the laboratory under controlled 
conditions such as temperature, pH, substrate concentration, and contact time. The 
substrate concentration was varied in the range of 0.1-1.5 mM, which is the range 
of BPA solubility under normal pH.
• Investigate the effect of additive polyethylene glycol (PEG) in improving the 
removal efficiency and its protective effect on the enzyme.
• Compare the results between conversion and simple removal of bisphenol A by 
using different analytical techniques.
• Develop an empirical expression to predict the required minimum enzyme 
concentration and the optimum PEG concentration to achieve at least 95% 
removal of bisphenol A.
• Investigate the effect of alum as a coagulant, in presence of lime to improve the 
settling characteristics of the sludge produced.
• Determine the kinetic constants such as Michaelis constants, for both bisphenol A 
and oxygen while reacting in presence of laccase.
• Develop a kinetic model of the laccase catalytic reaction to predict the behaviour 
of the enzyme and the removal process of the bisphenol A under different 
operating conditions.
• Identify the products for the laccase catalyzed reaction in order to gain an 
understanding of the environmental impact of removing BPA by using laccase.




Bisphenol A (BPA) is a common name for 2,2-bis(4-hydroxyphenyl) propane, 
also known as 4,4’isopropylidenediphenol (Figure 2.1).
The physical-chemical properties of BPA control its distribution and ultimate 
fate in the environment. BPA is a pH dependant water-soluble compound (120-300 mg/L) 
at ambient temperatures (Howard, 1989; Bayer Leverkusen, 1989), The US 
Environmental Protection Agency (US EPA, 1994) cited an unlisted reference stating that 
BPA has greater solubility at alkaline pH values due to its dissociation constants ( pKa) of
9.6 to 10.2 (Kosky and Guggenheim, 1991; Staples et al., 1998). Based on BPA’s 
octanol/water partition coefficient (Kow) of -3300 (Hansch and Leo, 1995; Staples et al, 
2002), this compound is expected to sorb substantially to organic sediments. Measured 
soil sorption constants (KoC) have been calculated based on BPA’s octanol/water partition 
coefficient (KoW). These sorption data indicate that soil and sediment are modest sinks for 
BPA released to the ground or to the surface water (Staples et al., 2002).
HO
Figure 2.1: Bisphenol A (BPA) structure (Staples et al., 2002)
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2.2 Production and Industrial Applications
BPA is obtained from the combination of two moles of phenol with one mole of 
acetone (Figure 2.2) while hydrogen chloride is bubbled through the mixture (Staples et 
al, 1998).
Figure 2.2: Production of bisphenol A (BPA) from the combination of phenol and
acetone (Staples et al., 1998)
Bisphenol A is an industrially important chemical which is abundantly and 
widely used as a primary raw material for the production of polycarbonate plastics, epoxy 
resins, lacquer coatings, flame retardants (in the form of tetrabromobisphenol A ), and as 
stabilizer in PVC (Staples et al., 1998; Chen et al., 2001). The final products are used as 
coatings on concrete and steel tanks and pipes used in water supply systems, leading to 
BPA releases to drinking water (Kuch and Ballschmitter, 2001; Hu et al., 2002; Huang 
and Weber, 2005).
During the past decade, production and consumption of BPA has more than 
doubled in North America as well as Asia and Europe as shown in Figure 2.3 (Regitz and 
Falbe, 1999; The Bisphenol A Global, 2005) with the majority of consumption (>98%) 
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Figure 2.3: Global production of bisphenol A (BPA) (Regitz and Falbe, 1999; The
Bisphenol A Global, 2005)
2.3 Bisphenol A Health Effects
BPA is suspected to be an endocrine disrupting chemical (EDC). Negative 
adverse health effects of endocrine disrupting chemicals (EDC) including bisphenol A, on 
aquatic organisms, are documented in various studies (Sheffield et a l, 1998; Sumpter, 
1998). BPA has been identified as a weakly estrogenic chemical, which modifies natural 
endocrine functions by binding to the estrogen receptor and, consequently, causes adverse 
effects on human health and wildlife such as breast cancer, endometriosis, and infertility
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(Ashby and Tinwell, 1998; Laws et al., 2000). The primary route of human exposure at 
production facilities is through inhalation, with accidental spills or other releases (Staples 
et al, 1998). A Not Observed Effect Concentration (NOEC) of 16 fig/L has been reported 
for fathead minnows (Caunter, 2000). The recent risk assessment conducted by the UK 
Environment Agency (2001) for the E.U. Existing Chemicals Program, suggested an 
assessment factor of 10 , applied to the lowest NOEC of 16 fig/L, yielding a predicted no- 
effect concentration (PNEC) for BPA of 1. 6  p,g/L (Staples et al., 2002).
2.4 Bisphenol A Environmental Release and Fate
The US EPA Toxics Release Inventory (TRI) reports a BPA total release of 
1,184,866 pounds in 2004 from which almost one fifth was as on-site releases (air, land, 
underground injection, surface water discharge, etc.) and the remainder as offsite releases 
(landfills, transfers to waste treatment plants, etc.) (US Environmental Protection 
Agency,, 2004). BPA is also on the National Pollutant Release Inventory (NPRI) 
compiled by Environment Canada. Only three Canadian industrial facilities from the 
chemical production sector, all located in Ontario, reported releases of BPA in 2004. Of 
the 5.6 tonnes of total BPA released in 2004, 0.046 tonnes were labeled as on-site releases 
and 5.554 tonnes as transfers for disposal (Environment Canada, 2004).
Yamamoto et al. (2001) reported that the levels of BPA in the leachates of 
hazardous waste landfill ranges from 1.3 to 17,200 ng/mL (average: 269 ng/mL). The 
leaching of BPA from plastic wastes into water was also reported by these authors. The 
highest levels (9.8 and 139 pig/g) were identified from polyvinyl chloride products which 
uses BPA as a stabilizer (Yamamoto and Yasuhara, 1999).
11
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BPA has been routinely detected in Canadian municipal sewage effluents (Lee 
and Peart, 2000) with concentrations from 0.08 to 4.98 pg/L in the influent, and 0.01 to 
1.08 pg/L in the effluent. The concentration of BPA in 50 raw and digested sludge 
samples showed a range of 0.033 to 36.7 pg/g on a dry mass basis. The concentration of 
BPA in 13 industrial wastewater samples showed a wide range of concentrations from 
0.23 to 149.2 pg/L (Lee and Peart, 2000).
In Germany, BPA has been detected in one hundred and sixteen surface-water 
samples, 35 sediment samples from rivers, lakes and channels, 39 samples from sewage 
effluents, 38 sewage sludge samples, ten liquid manure, two waste-dump and two 
compost runoff water samples (Fromme et al., 2002). In the latter study, the range of 
concentrations varied from 0.41 mg/L in surface water to 1.363 mg/kg (dry mass) in 
sewage sludge.
Bisphenol A and nonylphenol have been reported to be commonly found EDCs 
in water bodies (Rudel et al., 1998; Roefer et al., 2000; Yamamoto et al., 2000). A 
Japanese study reported detectable BPA in 8 6  of 171 surface water samples collected in 
2001 with the maximum levels ranging from 0.56-1.81 pg/L (Japan Environmental 
Protection Agency, 2002). In another study, Suzuki et al. (2004) detected biological 
metabolites of BPA in river water, several of which were determined to be estrogenic. 
The level of biodegradability of BPA, at very low concentrations under aerobic 
conditions in receiving waters depends on the type of bacteria and removal can vary from 
18 to 91% (Kang and Kondo, 2002). A decrease in BPA levels under anaerobic 
conditions for 10 days was not detectable (Kang and Kondo, 2002). In an environment
12
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such as anaerobic marine sediment, BPA can persist for an extended period of time 
(Voordeckers et al, 2002).
Although, during the past decade BPA release in to the environment has been 
monitored carefully (Staples et al., 2002), no Canadian or European water-quality 
guidelines have yet been developed for bisphenol A (Filali-Meknassi et a l, 2004).
2.5 Bisphenol A Wastewater Treatment Methods
Endocrine disrupting compounds, including BPA are suspected to enter rivers, 
streams and surface waters through the effluents of sewage treatment facilities. Therefore, 
elimination of these substances in the sewage treatment facilities is important (Clara et 
al, 2004).
The most common methods for treating BPA in industrial effluents are 
biological treatment, advanced oxidation and adsorption. Although activated sludge is the 
most dominant treatment method due to the fact that it is the common treatment in the 
majority of wastewater treatment facilities, recently membrane bioreactors were also 
examined for their EDC removal capacity (Ivashechkin et al, 2004; Clara et al., 2005). In 
activated sludge facilities the aeration tank and the final clarifier form one process unit. 
The separation of treated sewage and sludge occurs in the clarifier via sedimentation 
(Clara et al, 2005). BPA removals reaching up to 90% are attained in treatment processes 
and only slight differences in the effluent concentration could be detected between the 
membrane bioreactor and activated sludge wastewater treatment with hydraulic retention 
times (HRT) of >10 days and solid residence times (SRT) of >100 days (Clara et al, 
2005; Ivashechkin et al, 2004). For high HRT activated sludge systems the detected 
removal of BPA from solution has been reported >90% of influent. More investigation
13
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clarified that the main pathway for this high removal was adsorption to the sludge and 
eventually removal through excess sludge (Clara et a l, 2004). During sludge treatment 
when high pH values can occur through using lime for sludge conditioning, a release of 
the adsorbed fraction of BPA to the liquid phase was observed. Desorption occurred at 
pH values in the range of the pKa values of the BPA (Clara et al., 2004).
Lottos’ group (1992) and Spivack et al., (1994) found the metabolism routes of 
BPA by using a Gram-negative bacterial strain MV1 isolated from the enriched sludge of 
a BPA wastewater treatment plant. The MV1 strain utilized BPA as the sole carbon and 
energy source, and major and minor pathways of BPA metabolism were identified. The 
major pathway produced two primary metabolites, 4-hydroxyacetophenone and 4- 
hydroxybenzoic acid, and the minor pathway produced two primary metabolites, 2 ,2 - 
bis(4-hydroxyphenyl)-l-propanol and 2,3-bis(4-hydroxyphenyl)-l, 2-propanediol (Figure 
2.4). They suggested that 60% of the carbon was mineralized to CO2 based on the total 
carbon analysis for BPA.
14
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Figure 2.4: Metabolic pathway for BPA biodegradation by strain MV1 (Spivack et
al., 1994)
Among advanced oxidation methods for removing BPA, chlorination/ ozonation 
is the most cited method because of its frequent application in water and wastewater 
treatment facilities (Westerhoff etal., 2005; Gallard etal., 2004; Lee etal., 2003; Lenz et
15
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al., 2004; Moriyama et al., 2004; Pinkston and Sedlak, 2004; Hu et al., 2002; Lee et al., 
2004).
Chlorine is a strong oxidant capable of reacting with organic and inorganic 
chemicals. Free chlorine (HOC1, OC1) can oxidize phenolic compounds (Gallard and von 
Gunten, 2002), with the halogenated phenols having lower rate constants than hydroxyl- 
or oxido- phenols. BPA rapidly reacted with OC1 and 80% of BPA had disappeared after 
10 minutes of reaction time. Examination of BPA transformation showed that the 
degradation of this substance was accompanied by the generation of chlorinated by­
products (Hu et al., 2002). This oxidant cleaved C=C bonds and produces oxygenated 
functional groups-carboxyl and ketone. Chlorine can also be substituted, producing 
organo-chlorine compounds (Alum et al., 2004; Hu et al, 2002). Trichlorophenol is the 
primary measured degradation product resulting from the chlorination of BPA followed 
by substituted chlorinated byproducts as shown in Figures 2.5 and 2 . 6  (Hu etal., 2002).
In an attempt to measure the estrogen receptor affinity of the byproducts, it was 
found that increasing chlorination time was increased the binding affinity. 24 times higher 
affinity at 60 minutes, compare to the results before chlorination, suggesting that the ER 
(Estrogen Receptor) -mediated response would be elicit by chlorinated BPA solution (Hu 
et al., 2 0 0 2 ).
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Figure 2.5: Pathways of a chloro-substitution reaction between bisphenol A and HOC1
(Hu et al, 2002).
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Figure 2.6: Pathways of formation of polychlorinated phenoxyphenols (Hu et al,
2002).
Another oxidant common in water treatment facilities is ozone (O3) which is 
used for disinfection and oxidation in water treatment. Ozone alone or in combination 
with hydrogen peroxide (H2O2) or UV light, termed Advanced Oxidation Processes 
(AOPs), has been widely used to oxidize micro-pollutants, such as pesticides, surfactants,
18
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and hormones (Arbuckle, 1981; Carlile et al., 1996; Luehrs et al., 1996; Fielding et al., 
1998; Von Gunten and Oliveras, 1998; Ijpelaar et al., 2000; Zwiener and Frimmel, 2000; 
Muller and Jekel, 2001).
Ozone and AOPs produces HO radicals that react with bisphenol A and oxidize 
it in to similar compounds. BPA is characterized by two acidity constants as follows 
(Deborde et al., 2005):
E D ^E D "+ H + Kal (2.1)
ED“^E D 2~ + H + Ka2 (2.2)
[ED]t = [ED] + |mr ]+ [e D2“ j (2.3)
ED is a neutral BPA, and ED' and ED2' are ionized species of BPA. The pKas for 
BPA are 9.6 and 10.2 (Kosky et al., 1991). Hence, for a given pH, the ozone reaction 
could be explained by the following reactions of ozone with neutral and ionized EDs
0 3 + ED —» byproducts ki (2.4)
0 3 + ED- - » byproducts k2 (2.5)
0 3 + ED2- —»byproducts k3 (2.6)
where ki, k2 , and k3 represent the rate constants of each elementary reaction and 
are constant irrespective of the pH considered. At acidic pH (pH < 5), neutral BPA 
predominates (Deborde et al., 2005). The nearly constant reactivity of BPA with ozone 
could thus, be explained by the reaction between 0 3 and the neutral BPA species. In the 
pH 5-10 range, the ionized BPA fraction increased with increasing pH values. The
19
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reaction between O3 and ionized BPA would thus gradually increase, while the reaction 
of O3 with the neutral fraction would decrease (Deborde et al, 2005).
If the ozone reaction could be explained by the above reactions, then the reaction 
between O3 and ionized BP As has been determined to be faster than that of O3 with 
neutral BPA because ki=1 .6 8 x l 0 4 M'V1 < k2- 1 .0 6 x l 0 9 M'V1 and k3= l . l l x l 0 9 M'V1 
(Deborde et al., 2005).
Published data on the byproducts from BPA ozonation is sparse. However, it is 
well-known that phenol ozonation induces some byproducts that are less reactive with 
ozone (Yamamoto et al., 1979; Legube et al, 1980). BPA includes phenolic rings, which 
could probably react with O3 through similar mechanisms and thus analogous byproducts 
could be expected (Deborde etal., 2005).
The combination of ultraviolet (UV) radiation with O3 may be a more effective 
advanced oxidation technique than using O3 alone for certain target materials due to the 
formation of additional H2O2 and •OH radical generation via photolysis (reactions 2.7 and 
2.8), (Staehelin and Hoigne, 1982). 
hv
O3 + H2O  > H2O2 + O2 (2.7)
H2O2 hV > 2 ‘OH (2 .8 )
The photolysis of H 2O2 to produce two *OH radicals is slow because the molar 
extinction coefficient of hydrogen peroxide is much lower (19.6 M_1 cm-1) than that of 
ozone (3300 M 1 c m 1) (Glaze et a l, 1987). A fraction of hydrogen peroxide can be 
dissociated into H (V  (pKa = 11.8) by reactions 2.9 and 2.10, (Wang et al, 2004) which 
can lead to further reduction of ozone to (V - radicals (Staehelin and Hoigne, 1985).
H2O2 > HO2 +H+ (2.9)
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H 02 + 0 3̂  H 02* + 03*“ (2.10)
It has been reported that treatment with O3 in presence of UV did increase the 
conversion rates of BPA ( Irmak et al., 2005). However, for complete conversion of BPA, 
the same concentration of O3 over time was required even if ozone was accompanied with 
UV. They found that for 0.1 mM initial BPA under both conditions, with and without 
UV, 18.67x 10“ 3 mmol/min O3 over 80 minutes of reaction was required. O3 to BPA ratio 
for complete oxidation of BPA for both cases was found to be almost 1.4. However, when 
the concentration of ozone was insufficient for complete oxidation of BPA, the oxidation 
levels were different for the above methods. By 50 % reduction of the ozone 
concentration over time, the oxidation was decreased to 20 % in the absence of UV and 
72 % in presence of it. Other conditions including the reaction time were constant for 
both sets of experiments (Irmak et al., 2005). The authors addressed the economical 
limitations of these techniques and the limitation in reduction of the toxicity of BPA up to 
certain levels as considerable factors (Irmak et al., 2005).
Another oxidation method that has been investigated is Fenton’s degradation, in 
which hydrogen peroxide is used as oxidizing agent for iron(II), (Fenton reagent) to 
produce hydroxyl radical according to reaction 2 . 11, (loan et al., 2006):
H20 2 + Fe2+—► OH" + HO' + Fe3+ (2 .1 1 )
The initial BPA concentration in the degradation experiments was as low as 25 
mg/L due to its low water solubility. It was found that at pH 4 with H2 0 2 /Fe(II)/BPA, 
7:2.5:25, more than 95% removal was achieved within 50 minutes. At the same pH, with 
H20 2 /Fe(II)/BPA, 7:1.4:25 , ie. same concentrations of BPA and H2O2 with almost half 
concentration of Fe(II) , 130 minutes of reaction was required for the same removal 
efficiency. It has been mentioned that pH is a major parameter that controls the reaction
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and, under mild conditions of pH (5.5-7), the removal efficiency drastically decreases to 
approximately 1 0  % (loan e ta l, 2006).
The effect of coagulation and flocculation on removing of BPA has been 
examined in several studies (Rodriguez-Mozaz et al., 2004; Verstraeten et al., 2003; Choi 
et al., 2006; Boyd et al., 2003; Ballard and Mackay, 2005). Coagulants such as alum, 
polyaluminum hydroxychloride (PAC1), poly aluminum silicate sulfate (PASS), 
polyaluminum chloride silicate (PACS), FeCl3 and Fe2(S04)3 have been tested for their 
capacity to remove BPA from drinking water supplies (Choi et al., 2006). The test 
conditions of these studies were similar to those used in full-scale water treatment 
facilities and are as follows: 1 min of rapid mixing at 120 rpm in a 2-L rectangular 
container, 9 min of slow mixing at 60 rpm and 20 min of settling. The maximum removal 
achieved was 7%, with 50 mg/L alum (Choi et al., 2006).
Granular Activated Carbon (GAC) is the a common method for removing BPA 
(Choi et a l, 2005). Virgin carbon could effectively remove BPA; however the removal 
capacity drastically decreases during the treatment.
2.6 Enzymes as Catalysts
The history of using enzymes to remove toxic pollutants from wastewater dates 
back to the 1930s (Munnecke, 1976). The application of enzymes for wastewater 
treatment was widely investigated in the 1980s in Europe, North America and Japan 
(Wu,Y. et a l, 1993). A systematic approach for treating wastewater using enzymes for 
individual pollutants was first proposed by Klibanov et al. (1980), Over 30 different 
phenols and aromatic amines were tested individually and in conjunction with one 
another by using this method. Most phenols and arylamines were removed with more than
22
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99% removal efficiency. In this treatment strategy, horseradish peroxidase (HRP) 
catalyzed the oxidation of phenols and arylamines in the presence of hydrogen peroxide. 
Radicals such as phenoxyl or anilinium cation radicals, which were generated diffused 
from the active center of the enzyme, the region that contained the binding and catalytic 
sites, into solution and then reacted to form dimers, trimers and higher oligomers. These 
high molecular mass polymers were insoluble and precipitated from the aqueous phase. 
Evidence from some studies have demonstrated oligomers and polymers are easily 
removed by filtration or sedimentation (Klibanov et al., 1983; Nicell et al., 1992).
In effect, the peroxidase-catalyzed oxidative polymerization process transforms 
water-soluble organic pollutants into water-insoluble compounds without any 
degradation. Several researchers have examined various peroxidases for removing toxic 
organic pollutants from wastewater. These include Arthromyces ramosus and Coprinus 
macrorhizus peroxidases (ARP and CMP), (Ibrahim et al, 2001) used ARP. soybean 
peroxidase (SBP) and crude SBP (Al-Kassim et a l, 1993, 1994a; Caza et al., 1999 
Biswas, 1999), The latter approach has also been adapted to remove BPA (Caza et al., 
1999; Hirano et al., 2000; Tsutsumi et al., 2001). Several researchers proposed that 
instead of peroxidases, laccases could be useful for removing phenolic pollutants from 
water or wastewater sources (Bollag et al., 1988; Thurston, 1994). Laccases have multiple 
copper atoms in their active sites and they utilize molecular oxygen in the solution as an 
oxidant for a variety of phenols, such as BPA (Fukuda et al., 2004).
The utilization of new technology for the production, isolation and purification 
of enzymes has caused the use of laccase to become more competitive. These advances 
could lead to the development of new commercial full-scale application of enzymes in 
different treatment technologies (Tsutsumi et al, 2 0 0 1 ).
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2.6.1 Laccase as a Target Enzyme
Laccase (E.C. 1.10.3.2, p-benzenediol: oxygen oxidoreductase) is an 
oxidoreductase able to catalyze the oxidation of various phenols such as BPA, with the 
concomitant reduction of oxygen to water (Reinhammar and Malmstrom, 1981; Thurston, 
1994; Karam and Nicell, 1997; Vermette et al., 2000; Wang, 2001; Dasgupta, 2004; 
Dasgupta et al., 2004). Laccases are enzymes of considerable biotechnological interest, 
since they are used for numerous applications including delignification or bleaching of 
paper pulp, detoxification of environmental pollutants, textile dye bleaching and 
diagnostic assays (Xu, 1999). All of these applications are based on the ability of the 
laccase to oxidize a wide range of aromatic substances including phenolic substrates.
In laccases, the four copper atoms play an important role in the enzyme catalytic 
activities (Solomon et a l, 1996), Copper atoms are distributed in different binding sites 
and are classified in three types, according to specific spectroscopic and functional 
characteristics (Yaropolov et al., 1994; Xu, 1996; McMillin and Eggleston, 1997; Duran, 
1997; Minussi etal., 1999).
The substrate oxidation catalyzed by laccase is a one-electron reaction, in which 
a free (cation) radical is generated (Thurston, 1994). The unstable radical may undergo 
further step-wise, non-enzymatic coupling reactions leading to formation of insoluble 
polymers (Tatsumi etal. ,1992, 1994).
2.7 Environmental Applications of Laccase
The use of laccase for industrial and environmental applications was initially 
implemented for the pulp and paper industry, especially in the decolorization of bleach 
plant effluents, as well as phenol removal from wastewater through enzymatic oxidation,
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polymerization, and precipitation (Bollag et al, 1988; Roper et al., 1995; Karam and 
Nicell, 1997). However, the oxidative degradation of xenobiotics such as PAHs using a 
mediator system has received increased attention in recent years (Collins et al., 1996; 
Pickard et a l, 1999; Duran and Esposito, 2000).
A number of studies have been conducted on decolorization of industrial dyes 
using crude laccase preparations (Rodriguez et al, 1999; Nyanhongo et al, 2002). 
Laccases, together with low molecular mass redox-mediator compounds, can generate a 
desired worn appearance on denim by bleaching indigo dye (Pedersen and Kierulff, 1996; 
Campos et al., 2001). They could also be used for decolorizing dye-house effluents that 
are hardly decolorized in conventional sewage treatment plants (Abadulla et al., 2 0 0 0 ; 
Wesenberg et a l, 2003). In addition to dye-house effluents, laccases can decolorize 
effluents from olive oil mills (D'Annibale et a l, 2000; Dias et al., 2004) and pulp m i lls 
(Manzanares et al., 1995) by removing colored phenolic compounds. The involvement of 
fungal laccases in lignin biodegradation has raised interest in the use of laccases in 
lignocellulose processing. The proposed applications include pulp bleaching 
(Bourbonnais and Paice, 1992; Call and Miicke, 1997) and fiber modification (Felby et 
al, 1997; Chandra and Ragauskas, 2002). Laccases are able to delignify pulp when they 
are coupled with mediators such as 2,2',6,6'-tetramethylpiperidine-N-oxyl (TEMPO) 
(Bourbonnais and Paice, 1992; Call and Miicke, 1997; Galli and Gentili, 2004). The 
mediator is oxidized by laccase and the oxidized mediator molecule further oxidizes 
subunits of lignin that otherwise would not be utilized by laccase as substrates (Figure 
2.7b) (Bourbonnais and Paice, 1990; Bourbonnais and Paice, 1992; Call and Miicke, 
1997). Also, laccases can effectively remove alkylphenols and bisphenol A through
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oxidative coupling, without the addition of mediators (Figure 2.7a) (Tanaka et al, 2000, 
2001).
S u b s t r a t eH 20 L a c c a s e (red)(ox)
S u b s t r a t eL a c c a s e  (red) (ox)
( b )  H 20  ^ . L a c c a s e  (ox)^  e d i a t o r  (led)>* ^ S u b s t r a t e  (ox)
0 2̂  ^ L a c c a s e  (red) ^  ^  M  e d i a t o r  ^  \  S u b s t r a t e  (red)
Figure 2.7: Schematic representation of laccase-catalyzed redox cycles for substrates
oxidation in the absence (a) or in the presence (b) of chemical mediators (Tanaka et al., 
2000, 2001; Galli and Gentili, 2004).
Another potential environmental application for laccases is the bioremediation of 
contaminated soils. Laccases are able to oxidize toxic organic pollutants, such as 
polycyclic aromatic hydrocarbons (Collins et al., 1996) and chlorophenols (Gianfreda et 
al., 1999; Ahn et al., 2002).
Because laccases are able to catalyze electron-transfer reactions via a direct 
mechanism, i.e. without cofactors, their use has also been studied as biosensors since they 
can catalyze the oxidation of various phenolic and arylamine compounds (Ghindilis et al., 
1992; Lisdat et al., 1997; Kulys and Vidziunaite, 2003; Leech and Daigle, 1998) and 
utilize oxygen (Gardiol et al., 1996) . In addition to biosensors, laccases could be 
immobilized on to the cathodic end of biofuel cells (Chen et al., 2001; Calabrese et al., 
2002). In the food industry, laccases have potential in wine making, fruit juice production
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and beer stabilization by removing the polyphenols that cause haze formation and 
discoloration (Cantarelli et al., 1989; Giovanelli and Ravasini, 1993; Minussi et al., 
2002).
2.8 Process Variables
The main factors that affect the useful lifetime of the enzymes and improve the 
overall removal efficiency are pH; temperature; the molar ratio of hydrogen peroxide or 
O2 to substrate; presence of additives; and reaction time.
2.8.1 Effect o f  pH
Enzymatic activities are affected by pH changes. Caza et al., (1999) investigated 
the effect of pH on the removal of nine different compounds, including chlorophenols and 
phenol as well as bisphenol A, within a pH range from 4.0 to 10.0 using soybean 
peroxidase. Significant removal was observed within a pH range from 6.0 to 8.0 for all 
these compounds with 6.5 being an optimum pH for BPA.
In another study with Coprinus cinereus peroxidase, the optimum pH for BPA 
was found to be between 9-10 (Sakurai et al., 2001). An increase in enzyme concentration 
improved the removal efficiency in the pH range 4.0-10.0; however, beyond this range 
the removal efficiency was significantly low and increase in the enzyme concentration 
had no effect on the removal capacity of the enzyme (Sakurai et a l, 2001),
For the removal of BPA, p-nonylphenol (p-NP) and p-octylphenol (p-OP) using 
horseradish peroxidase, the optimum pH was dependent on the substratewith the values of 
8.0, 7.0 and 5.0 for BPA, p-NP and o-NP, respectively (Sakuyama et al., 2003). The 
removal efficiency of BPA under different pH conditions has been investigated by using
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laccase isolated from Trametes villosa (Fukuda et al., 2001). The optimum pH for BPA 
degradation by laccase was found to be 6.0. The authors mentioned that the pH profile of 
BPA removal follows the same pattern as for indigo bleaching (Yaver et al., 1996). In 
another study the effect of redox potential and hydroxide inhibition were investigated on 
pH profile of fungal laccase. (Xu, 1997). It was found that the difference between the 
redox potential of substrate and T1 copper atom of enzyme will provide higher removal 
rates at higher pHs whereas hydroxide anion binding to T2/T3 copper atoms will increase 
the laccase inhibition at that pH range. The pH activity profile of laccase will be based on 
the balance of these two opposite parameters (Xu, 1997).
2.8.2 Effect of Temperature
The three-dimensional conformation, or the tertiary structure, of an enzyme is 
maintained by interactions between the functional groups of amino acid residues that are 
widely separated in the polypeptide sequence. These include ionic effects, hydrogen 
bonds, and hydrophobic interactions. Temperature can alter these interactions and thus 
disturb the tertiary structure of the enzyme to the extent that its catalytic activity is 
reduced or entirely lost (Bailey and Ollis, 1986).
Nicell et al. (1993) investigated the effect of temperature on the activity of HRP 
by incubating solutions of enzyme at temperatures ranging from 5 to 72 °C for various 
lengths of time. By measuring the residual activity of the enzyme, they concluded that the 
enzyme underwent a slow loss of activity when incubation temperature was below 35°C 
and a rapid inactivation when higher incubation temperatures were used. Nicell et al. 
(1992) reported that treatment was possible at elevated temperature but at the cost of 
increased catalyst requirements due to thermal denaturing of the enzyme structure.
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The effect of temperature on the removal of BP A was evaluated in another study 
with Coprinus cinereus peroxidase. The results of removal efficiency within the range of 
0-60 °C showed that this enzyme was stable at all temperatures with in the range of 0-60 
°C, although there was a slight peak in the removal efficiency at 40°C (Sakurai et al.,
2001). In a similar study, with laccase isolated from Trametes villosa, the optimum 
temperature was 60°C (Fukuda et al., 2001).
2.8.3 Effect o f Molar Ratio of Hydrogen Peroxide or Oxygen to Substrate
When using peroxidases, the overall reaction for the enzyme catalyzed oxidation 
of aromatics by hydrogen peroxide can be defined as:
H 2 0 2 + 2AH2  >2AH* + 2H20  (2.12)
Two free radicals are generated for every molecule of peroxide consumed and 
the stoichiometric ratio of peroxide consumed to aromatic precipitated would be 0.5 
provided the resulting dimer is completely insoluble in water. However, a molar ratio of 
about 1:1 has been reported in many studies. Yu et al. (1994) detected ten soluble 
products in the removal of phenol while using HRP. Five of these products were stable 
and were characterized as p,p'-biphenol, o,o'-biphenol, o,p'-biphenol, p-phenoxyphenol, 
and o-phenoxyphenol. A possible explanation for 1:1 molar ratio between hydrogen 
peroxide and phenol is that all of these dimers are substrates of the enzyme and some like 
p-phenoxyphenol and p,p'-biphenol are better substrates for peroxidase and compete with 
phenol for peroxidase, thereby being converted to trimers, tetramers, etc (Yu et al., 1994). 
As the polymers grow in size; the consumption of peroxide to aromatic approaches unity 
as a limit.
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A number of researchers considered the effect of H 2O2 concentration on the 
removal efficiency of phenol and aromatic substrate. Previous studies have shown that an 
excess of H2O2 inactivates the horseradish peroxidase (Nicell et a l, 1995).
Caza et al. (1999) studied the effect of H2O2 on the removal of nine substrates, 
including BPA, by using soybean peroxidase. It was found that the removal efficiency of 
substrates increased by increasing the ratio of H2O2 to Substrate concentration until the 
optimum ratio was attained. These results did not indicate a broad optimum range as was 
reported by Wu Y. et al. (1997) using HRP, but instead most compounds showed a 
definite optimum point. Bisphenol A, on the other hand, was found to be the only 
compound to have a broad optimum between 1.2 to 4.0 mM/mM. For 8  other substrates 
that were tested, as [H2O2] to [Substrate] ratio increased beyond the optimum, there was a 
decrease in substrate removal (Caza et al., 1999). This concept is supported by the finding 
of inhibitory effects of H2O2 on enzymatic reaction with HRP (Arnao et al., 1990; 
Baynton et al., 1994). The exception to this conclusion was Bisphenol A, for which an 
increase in H2O2 did not affect the removal efficiency with SBP (Caza et al., 1999). The 
results of Huang and Weber (2005) using HRP with initial BPA concentration of 150 pM 
showed the optimum of 1/1 ratio for H2O2 to BPA concentration, with no decrease in 
removal efficiency at higher H2O2 concentrations. The latter supports the findings of Caza 
etal. (1999).
Wu, J. et al. (1993) studied the effect of molar ratio of hydrogen peroxide and 
phenol in the presence of polyethylene glycol (PEG) as an additive in HRP/phenol 
reactions. It was observed that the optimum molar ratio of peroxide and phenol had a 
broad range around unity. This stoichiometry between peroxide and phenol is in
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agreement with the results reported by Nicell et al. (1992), where no additive was 
employed. Therefore, addition of PEG did not change the reaction stoichiometry and the 
molar ratio of hydrogen peroxide and phenol was optimum around unity.
When using laccase as enzyme, the overall reaction for the enzyme catalyzed 
oxidation of aromatics by oxygen can be defined as:
0 2 +4AH 2 ------>4AH*+2H20  (2.13)
This reaction indicates that four free radicals are generated for every molecule of oxygen 
consumed. Therefore, the stoichiometric ratio of oxygen consumed to aromatic 
precipitated would be 0.25 provided the resulting dimer was completely insoluble in 
water.
Vermette et al. (2000) observed that aeration at higher concentrations of 
substrate increased the initial rate of substrate removal and improved the efficiency of 
reaction for laccase (SP-850 from Novozymes) in oxidizing cresols. They also observed 
that the stoichiometric requirement of cresols for oxygen deviated from the expected 
stoichiometric requirement of 4 mM cresol/mM dissolved oxygen and was close to 2.73 
mM cresol/mM dissolved oxygen. Kurniawati and Nicell (2005) found that the overall 
ratio of [phenol] to [oxygen] consumption during 3 hours of reaction was 2 . Dasgupta 
found that the relationship between reduction in phenol concentration and oxygen 
consumption did not follow the expected stoichiometry of 1:4 for complete conversion 
and this ratio was close to 1:1 (Dasgupta et al., 2004).
2.8.4 Effect o f  Additives
The catalytic ability and useful lifetime of the enzyme is a function of the 
physical and chemical environment in which it is used. At elevated temperatures and
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extremes of pH, the enzyme is susceptible to perturbations in geometry and chemical 
structure which are critical to its catalytic ability (Klibanov et al., 1983). In an industrial 
application, it is likely that the economic feasibility of a process will hinge on the useful 
lifetime of the biocatalyst.
Klibanov et al. (1983) stated that the reason for inactivation of peroxidase during 
the enzymatic reaction was the interactions of the phenoxyl radicals with the enzyme's 
active site. However, Nakamoto and Machida (1992) reported that the apparent enzyme 
inactivation was caused mainly by the end-product polymer, which adsorbed the enzyme 
molecules and hindered the access of substrate to the enzyme's active site. By adding 
proteins or hydrophilic synthetic polymers to the reaction mixture, enzyme adsorption 
was suppressed and the apparent enzyme inactivation was alleviated, thereby drastically 
reducing the amount of enzyme required. These additives inhibited the interactions 
between the enzyme and the phenol polymer. This is known as the “sacrificial polymer” 
hypothesis for the protective mechanism afforded by PEG and the like (Nakamoto and 
Machida, 1992, Kulys etal., 2003; Nicell and Kinsley, 2000).
Nakamoto and Machida (1992) tested several proteins and hydrophilic polymers 
to determine their ability to reduce the rate at which HRP was inactivated. Gelatin and 
high-molecular mass polyethylene glycol proved to be the most effective of those tested.
Most of the recent research into extending the useful lifetime of peroxidase has 
focused on the use of polyethylene glycol (PEG), since it is effective (Wu Y. et al., 1993) 
and has been declared safe for human consumption (Harris, 1992). A number of additives 
including polyethylene glycol, gelatin and some polyelectrolytes have been studied to 
compare their behaviour in the removal of phenolic compounds from aqueous solution by 
horseradish peroxidase-catalysed reaction (Wu Y. et al., 1997). The experimental results
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showed that all tested additives significantly reduced the horseradish peroxidase 
requirement with no negative over-concentration effect shown by gelatin and 
polyelectrolytes.
Wu et al. (1993) proposed an empirical equation to predict the minimum HRP 
concentration over the entire phenol concentration range of 1-10 mM in the presence of 
polyethylene glycol as an additive. They concluded that the addition of PEG had a 
significant protective effect on the activity of HRP with the phenol concentration in the 
mentioned range. The amount of HRP required without PEG was 40 and 75-fold higher 
than that required while using PEG for 1 and 10 mM phenol solutions, respectively. The 
higher the phenol concentration, the more effective was the addition of PEG.
It was observed that when the PEG concentration was less than the minimum 
effective dose, an increase in HRP concentration did not markedly improve the removal 
efficiency. For example, in 1 mM phenol solution, when PEG concentration was less than 
0.03 g/L, an increase in HRP concentration from 0.05 to 0.2 U/mL could not achieve 95% 
removal. This indicated that the limiting factor for phenol removal was the amount of 
PEG, within the experimental concentration range of HRP.
In the present research, the effect of PEG to reduce the rate of laccase 
inactivation for 0.1-1 mM BPA was investigated (Modaressi et al, 2005).
2.8.5 Reaction Time
It has been reported that an increase in HRP concentration reduced the reaction 
time required to achieve certain removal efficiency. For example, for 95% removal in 1 
mM phenol solution, the reaction time was reduced from 5 hour to 1 hour by increasing 
HRP concentration from 0.05 to 0.2 U/mL. Therefore, the optimum enzyme concentration
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must be determined to achieve the minimum cost of the reaction against the maximum 
removal efficiency (Wu et al., 1993).
2.9 Kinetics of Enzyme Treatment
Peroxidases catalyze the oxidation of phenol with hydrogen peroxide, generating 
phenoxyl radicals which diffuse from the active site of the enzyme into the solution and 
react non-enzymatically to form higher polymers and oligomers. The mechanism of 
enzymatic reaction involved in this method can be considered as a modified type of ping- 
pong kinetics, referred to as peroxidase ping-pong by Dunford (1991). The following 
figure represents the reaction mechanism:
Peroxidase + H2O2 » Peroxidase - 1 + H2O (2.14)
Peroxidase - 1 + AH2 * » Peroxidase -  II + ’ AH + H2O (2.15)
Peroxidase -  II + AH2 ^ ► Peroxidase + ’ AH + H2O (2.16)
Native peroxidase is oxidized by hydrogen peroxide and is converted to an active 
“Intermediate” form of the peroxidase known as Compound I (peroxidase-I). Compound I 
oxidizes an aromatic compound (AH2) to a free radical ’AH (phenoxyl in case of phenol) 
while Compound I itself gets reduced to another active form of peroxidase, Compound II. 
Next Compound II, oxidizes another aromatic compound to a free radical and itself gets 
reduced to the native form of peroxidase. The free radicals formed in this cycle can react 
with each other in a non-enzymatic process to form oligomers that are further oxidized by 
peroxidase to form higher polymers until the solubility limit is reached (Wu et al., 1998). 
A comprehensive oxygen kinetic study of R. vernicifera laccase was conducted by Lee et
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
al. (2002), showing the multi-copper laccase, (Lc), to catalyze the four-electron reduction 
of O2 to H2O according to Equation (2.17):
0 2 + 4e-  + 4H+ -> 2H20  (2.17)
Cu+
The metal centers in the multi-copper oxidases are classified into three types, Tl, 
T2 and T3 according to their spectroscopic characteristics. The Tl center is the organic 
substrate reaction site, and the T2 and T3 centers are close together and form a trinuclear 
cluster, which is the site of dioxygen reduction. According to their study, the first step of 
the catalytic cycle of laccase involved the formation of fully reduced laccase in which all 
four coppers were in a reduced state (Solomon et al., 1996; Lee et al., 2002). Molecular 
oxygen then bound to the copper center of laccase and oxidized the fully reduced laccase, 
presumably via a species called the peroxy-intermediate in a very rapid reaction (k~ 2x 
106 M'V1) as shown in Figure 2.8.
The peroxy-intermediate was not stable and rapidly oxidized (k >1000 s’1) to an 
oxygen-activated native intermediate called native intermediate, in which all of its copper 
atoms were in an oxidized form and the three trinuclear copper atoms were all bridged by 
hydroxide or oxo groups. This bridging made the native intermediate prone to reduction, 
which could quickly enter another catalytic cycle. The native intermediate was proposed 
as the primary acceptor of reducing substrates under turnover conditions (Lee et al,
2002). In contrast to native intermediate, the resting oxidized laccase was proposed to 
have a T2 copper that was electronically isolated from the T3 coppers, and the resting 
oxidized form was reduced by substrates at a much slower rate than the native 
intermediate (Lee et al., 2002). The native intermediate slowly transformed to resting 
oxidized form in the absence of reducing substrate. It is essential to extend the same
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expression for other laccases since all laccases utilize oxygen as a primary oxidant. This 
would indicate that the kinetics of the two-step reaction can be modeled as a single step 

















Tl {  ,C n 2:
Figure 2.8: Mechanism proposed for the four-electron reduction of O2 to H2O by the
laccase. (Lee et al., 2002)
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thus, it is assumed that all the oxidation of native laccase species (Ere<j) by 
oxygen (O2) to oxidized enzyme species (Eox) can be represented by:
a  AH2 + E ox —► E red + product (2.18)
E red + O2 —> E ox+ H20  (219)
laccase +product —̂ inactivated enzyme (2.20)
where a  is the stoichiometric coefficient representing the moles of substrate oxidized per 
mole of oxygen.
2.10 Enzymatic Reaction Inhibition
As was discussed in Section 2.8.4, one of the major limitations in developing 
enzyme catalysis for industrial applications is the susceptibility of the enzyme to 
inactivation (Gianfreda et al., 1994; Aitken et al., 1998). It was postulated that some 
additives can act as “sacrificial polymer”, inhibit the interactions between the enzyme and 
the phenolic polymer, and protect the enzyme from inactivation (Nakamoto and Machida, 
1992; Wu et al., 1993; Wu et al., 1997; Arseguel and Baboulene, 1994; Tatsumi et al., 
1994; Wu, Y. etal., 1997; Harris, 1992).
Enzymes have shown another way of inactivation. In the absence of reductant 
substrates and with excess hydrogen peroxide, peroxidase has shown a kinetic behavior of 
suicide inactivation, hydrogen peroxide being the suicide substrate (Arnao et al., 1990; 
Baynton et al., 1994). Inactivation curves of remaining activity versus time exhibited a 
rapid phase (0-60 seconds) which was hydrogen peroxide concentration dependent, and a 
slow phase characterized by a gradual loss of enzyme activity that was neither time- nor 
hydrogen peroxide-dependent. The process involved a reversible inactivation pathway
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leading to Compound III, which likely accounted for the observed rapid inactivation, 
according to:
Eu + H 20 2 - ^ E u + H 20  (2.21)
Compound III is catalytically inactive but its formation does not represent a 
terminal inactivation of peroxidase since Compound III decomposes, slowly but 
spontaneously, to native peroxidase according to (Ibrahim et a l, 2001):
Ejj! kgff >E  +  0 , ~  (2 .2 2 )
The return to the native state is sufficiently slow that, once the Compound III is 
formed, the enzyme is severely hampered in carrying out the catalytic oxidation of 
aromatic substrates. Therefore, any accumulation of enzyme in the Compound III state 
represents a loss in catalytic efficiency (Ibrahim et al, 2001).
Another pathway leads to irreversibly inactivated intermediate, Compound P670, 
which is predominant at hydrogen peroxide concentration above 1.0 mM (Baynton et al, 
1994). Baynton et a l (1994) concluded that a competition was established between two 
catalytic pathways: the catalase Compound Ill-forming pathway and the suicide 
inactivation pathway (formation of inactive enzyme).
In case of laccase, although much is currently understood, the mechanism of 
laccase inactivation is unknown. If inactivation of laccase was due to its interaction with 
the products, the enzyme inactivation reaction (Eq 2.20) might be assumed to be a 
bimolecular process with a constant kin as shown in Equation 2.23 (Kulys et a l, 2003):
^ j p  = M E ][P ]  (2.23)
where [P], and [E] are concentrations of product (being treated as monomer equivalents), 
and the active enzyme respectively.
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CHAPTER 3
MATERIALS AND METHODS
The present work is divided into three sections. Section 3.1 is devoted to the 
optimization of the enzymatic reaction of bisphenol A (BPA) and laccase in the presence 
and absence of additive polyethylene glycol (PEG) and the removal of precipitate formed 
during the reaction. Section 3.2 is involved with the kinetics of enzymatic reaction and 
Section 3.3 is devoted to identification of the final products of enzymatic reaction.
3.1 Optimization of the Enzymatic Reaction of Bisphenol A (BPA) in 
the Presence and Absence of Additive (PEG)
3.1.1 Materials
BPA was supplied by Aldrich Chemical Co. (Milwaukee, WI) with a purity of 
99% or better. Fungal laccase isolated from Trametes villosa SP-504 (EC 1.10.3.2, 200 
LACU/mL, Batch # 1999-00091) was obtained from Novozymes, (Franklinton, NC). 
PEG (average molecular mass of 3350 g/mol), MES buffer and syringaldazine were 
purchased from Sigma Chemical Co. (St. Louis, MO). 4-Aminoantipyrine (AAP) was 
obtained from BDH Inc. (Toronto, ON). Potassium ferricyanide was purchased from 
Sigma Chemical Co. (St. Louis, MO). Absorbance was measured by using a Hewlett 
Packard Diode Array Spectrophotometer Model 8452A (with a wavelength range of 190- 
820 nm and 2 nm resolution), configured to a Hewlett Packard Vectra ES/12 computer 
(Hewlett Packard Co., Mississauga, ON). Quartz cells with a 10 mm pathlength were 
purchased from Hellma (Canada) Limited (Concord, ON). 0.2 pm HT Tuffryn membrane
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filters were supplied by Gellman Labs (Mississauga, ON). All other chemicals used were 
of analytical grade and were supplied by Fisher Scientific Co. (Fair Lawn, NJ) and BDH 
Inc. (Toronto, ON).
3.1.2 Bisphenol A Concentration Assay
Bisphenol A concentrations were measured by using a colorimetric assay 
previously adapted in this laboratory for phenols. Under alkaline conditions, the primary 
amine of 4-AAP exerts an electrophilic attack on the phenolic compound forming an 
intermediate compound which is subsequently oxidized by potassium ferricyanide to a 
red quinone-type dye that absorbs at 506 nm (max wavelength for BPA) upon completion 
of the reaction (Al-Kassim et al., 1994; Faust and Mikulewicz, 1967). The absorbance is 
proportional to the initial concentration of bisphenol A in the assay. Reagents were added 
in the following order: 100-500 pL of aqueous bisphenol A sample, 100 pL of 20.8 mM 
4-AAP in 0.25 M NaHCC>3 and 100 pL of 83.4 mM potassium ferricyanide in 0.25 M 
NaHC0 3  and water to a final volume of 1 mL. After 10 min, the absorbance was read at 
506 nm and the bisphenol A concentration was determined from a standard curve. The 
maximum concentration of bisphenol A in the assay mixture was < 0.1 mM in order to 
maintain a linear relationship between color formed and bisphenol A concentration. The 
standard curve had a slope of 14.71 a.u./mM. (r2 = 0.998) with 95% confidence limits of 
15.49-14.53 a.u./mM. The detection limit for bisphenol A in the assay mixture was 
estimated to be 0.008 mM. Details of the procedure are provided in Appendix A.
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3.1.3 HPLC Equipment and Conditions
At different times, reaction samples were tested both by color test and HPLC in 
order to compare the results for removal and actual conversion of bisphenol A 
respectively. Nine hundred pL aliquots from batch reactors were quenched with 100 pL 
of 0.5 M hydrochloric acid and were mixed well. The acidified samples and controls were 
filtered before HPLC analysis.
HPLC equipment was (Waters Co., Milford, MA) a model 2487 dual X 
absorbance detector, Waters Model 1525 Binary HPLC pump and Waters Model 717 
auto-sampler. The column was Cig (5 pM, 4.6 x 150 mm). The elution was isocratic 
using a mobile phase consisting of A (99% water and 1% acetic acid) and B (100% 
acetonitrile) in the ratio of 60:40 respectively. Flow-rate and column temperature were 
1.0 mL min'1 and 40°C. Injection volume was 10 pL. The UV-VIS detector was set at 
278 nm for bisphenol A which had a retention time of 8.55 minutes and detection limit of 
2 pM based on an authentic standard. The HPLC was operated by Breeze software. 
Details of the procedure are provided in Appendix B.
3.1.4 Laccase Activity Assay
The laccase activity, in LACU, was measured by using an assay based on 
syringaldazine as substrate. Nineteen pM syringaldazine, (4,4'-[azinobis- 
(methanylylidene)]-bis-(2,6-dimethoxyphenol)) was oxidized to the corresponding 
quinone, 4,4'-[azinobis-(methylylidene])-bis-(2,6-dimethoxycyclohexa-2,5-dien-l-one), 
under aerobic conditions, with the rate of reaction directly proportional to the enzyme 
activity. The assay mixture consisted of 850 pL of MES buffer of pH 5.5, 50 pL of 0.38 
mM syringaldazine solution, prepared in ethanol and water and 100 pL of enzyme
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
solution. The reaction was detected by increase in absorbance at 530 nm (Felby, 1998; 
Vermette et al., 2000). Details of the procedure are provided in Appendix C.
3.1.5 Total Organic Carbon (TOC)
The amount of PEG remaining in solution was determined by Total Organic 
Carbon (TOC) analysis. A Shimadzu TOC-V CSH Total Carbon Analyzer, supplied by 
Shimadzu Scientific Instruments (Columbia, MD) was used with oxygen as the oxidizing 
agent. The instrument was calibrated daily, according to the procedure provided in the 
Operation Manual, with potassium hydrogen phthalate (2125 mg/L) as the standard for 
total carbon (TC) solution, and a combination of sodium hydrogen carbonate (3500 mg/L) 
and sodium carbonate (4410 mg/L) as the standard for inorganic carbon (IC) solution. 
The carbon concentration of these solutions corresponded to 1000 mg/L of TC and IC 
carbon, respectively. The organic carbon determinations were made by injection of a 100 
|uL sample solution. In order to prevent clogging, the samples were filtered prior to 
testing. Separate standard curves were prepared for PEG and bisphenol A. The TOC 
contributed by BPA was calculated from its standard curve. The difference between the 
measured TOC and the TOC caused by BPA was used to calculate the TOC due to 
additive PEG remaining in the sample. Details of the procedure are provided in Appendix 
D.
3.1.6 Buffer Preparation
The buffers used in this study were prepared according to Gomori (1955) for the 
pH ranges 4.0-10.0 (acetic acid-sodium acetate from 4.0-5.7, monobasic-dibasic sodium
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phosphate for pH 6.0-9.5). The pH value of the mixture in a reactor was determined with 
a pH meter.
3.1. 7  Experimental Protocol
General Reaction Condition
Batch reactions were conducted at 22 ± 2°C.
Batch Reactors
Batch reactors were set up to assess the effect of pH, laccase concentration, PEG 
concentration, and reaction time over a range of BPA concentration (0.1 to 1.5 mM), 
which is the limit for BPA solubility in the laboratory.
Batch reactors (30 mL total volume) contained 20 mL buffered mixture of 
bisphenol A and PEG3350 as an additive where appropriate. Laccase was added to initiate 
the reaction. The open reactors were stirred vigorously during the reaction using magnetic 
stirrers and Teflon-coated stir bars. Samples were removed at appropriate time intervals. 
Each time, a 900 pL sample was quenched with 100 pL of 0.5 M hydrochloric acid for 
the purpose of stopping the reaction. Immediately after all samples were collected, the 
aliquots were filtered through 0.2 pm HT Tuffryn membrane filters. The filtrate was 
analyzed for residual BPA by the colorimetric method described above and, when 
appropriate, by HPLC to compare the results of both methods. In order to measure the 
concentration of laccase, a 100 pL sample was taken at the appropriate time and added to 
850 pL of MES buffer. Fifty pL of syringaldazine, which is the specific substrate for 
laccase was added to the mixture and the sample was shaken quickly and placed in the 
spectrophotometer immediately. The reading of absorbance was started after 15 seconds 
and stopped at 75 seconds. This one-minute absorbance change was read at 530 nm and
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the laccase concentration was determined from a standard calibration curve. The 
maximum concentration of laccase in the assay mixture was < 1.25xl0'5 LACU/mL in 
order to maintain a linear relationship between color formed and laccase concentration. 
The PEG concentration after enzymatic reaction was determined by TOC analysis as per 
Appendix D.
3.1.8 Settling Characteristics o f  Products After Alum/Lime Coagulation
The prducts of enzymatic treatment especially in the presence of PEG, were 
consist of fine particles. As the concentration of solid particles in the effluent of treated 
waste is regulated in order to meet such criteria in the post-treatment phase, the enzyme- 
treated sludge settling velocity was improved by using alum as a coagulant, and lime to 
control the pH. The settling velocity was determined according to the standard method 
(APHA et a l, 1998) for the settled sludge volume.
3.1.9 Experimental Protocol 
General Reaction Condition
Batch reactions were conducted at room temperature maintained at 22 ± 2°C. 
Batch Reactors
Glass vials containing 200 mL buffered mixture of bisphenol A were used as 
reactors, and PEG3350 was added as an additive where appropriate. The initial 
concentration of oxygen, which is a co-substrate for laccase, was at the saturation level in 
the batch reactors. Initial BPA concentrations ranged from 0.1 to 4.0 mM and the initial 
laccase concentration was 0.001 U/mL unless otherwise mentioned. The reaction 
mixtures were buffered to pH 5.6 with 0.02 M acetate buffer and were allowed to reach
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thermal equilibrium prior to reaction initiation by addition of laccase. The open reactors 
were stirred vigorously during the reaction. Samples were taken at appropriate time 
intervals and immediately quenched with hydrochloric acid for the purpose of stopping 
the reaction, as described previously. Immediately after all samples were collected, the 
aliquots were filtered and the supernatants were analyzed either by the colorimetric 
method or HPLC to determine the residual bisphenol A. The residual PEG concentration 
was determined by the TOC analyzer. Final concentration of BPA at the end of enzymatic 
reaction was considered as the initial concentration of this substrate for the coagulation/ 
flocculation step. At the end of enzymatic reaction, alum was added as coagulant and pH 
adjusted to around 7, by using either lime or caustic soda or combination of both. The 
settled sludge volume was monitored using a 1-liter graduated cylinder equipped with 
stirring as per the standard method (APHA et al., 1998).
3.2 Kinetics of Enzymatic Reaction
3.2.1 Oxygen Monitoring
The dissolved oxygen concentration (DO) and rate of dissolved oxygen 
consumption were measured in a reactor with a Biological Oxygen Monitor, YSI Model 
5300, purchased from YSI Co. Inc. (Yellow Springs, OH). The dissolved oxygen monitor 
had a membrane-type electrode. The working electrode used a noble metal Pt, and the 
opposite electrode used Ag. Potassium chloride solution was used for the electrolyte. A 
selective Teflon membrane was used for measurement. Voltage was applied between the 
two electrodes so that the threshold diffusion current for oxygen concentration was 
generated. The oxygen, which passed through the membrane, was reduced with the
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working electrode. A reduction in current was generated in proportion to the dissolved 
oxygen, and thus the dissolved oxygen was measured.
3.2.2 Experimental Protocol
3.2.3 General Reaction Condition
Batch reactions were conducted at 22 ± 2°C.
3.2.4 Preparation of Saturated Water
Saturated distilled water, was used to calibrate the probe, prepared by bubbling 
air through the distilled water with compressed air for over 48 hours to reach saturation 
level. After air bubbling was stopped, the water was kept open to air for 24 hours to reach 
equilibrium concentration of DO.
3.2.5 Azide Titration Method
Azide modification method (APHA et al., 1998) for dissolved oxygen was used 
to confirm the performance of the probe as well as experimental results. Under strong 
alkaline conditions, in the presence of oxygen, dissolved divalent manganese hydroxide is 
oxidized to manganese hydroxide of higher valance. In the presence of iodide ions and 
upon acidification, the oxidized manganese reverts to the divalent state, with the 
liberation of iodine equivalent to the original DO content in the sample. The iodine is then 
titrated with a standard solution of thiosulfate. The detailed procedure of the method is 
given in Appendix E (APHA et al., 1998).
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3.2.6 Probe Calibration Method
Oxygen content of water was calculated as a percentage of saturation 
concentration (%). Azide Modification Method was used (APHA et al., 1998) to convert 
this value to actual DO. For this purpose, 250 mL of saturated water was titrated.
3.2.7  Calibration o f  Experimental Results
After calibrating the probe with saturated water with known DO concentration 
(measured through azide titration), a series of 8 mL sealed reactors charged with saturated 
distilled water, were prepared to check the accuracy of experimental results. Certain 
amount of oxygen scavenger was added to each reactor. The oxygen concentration was 
checked with the probe (as %) and by the Azide Modification method (APHA et al., 
1998). The line of best fit could be considered as proper evidence for the performance of 
probe at different DO concentrations. Results are shown in Appendix E.
3.2.8 Optimization o f  Oxygen Scavenger
Sodium sulphite (Na2 S0 3 ), as an oxygen scavenger, along with 0.1% (by mass, 
with respect to sodium sulphite) cobalt chloride (C0 CI2), as catalyst were used to provide 
oxygen concentrations below saturation. It was necessary to optimize the amount of 
Na2 S0 3  required for the reaction, to obtain a range of DO concentrations from 0.2-0.019 
mM (6.4 ~ 0.61 mg/L). Different amounts of Na2 S0 3 , ranging from 0.43-0.04 mM, along 
with C0 CI2 were added to batch reactors. Initial oxygen concentration was at the saturated 
state. Oxygen consumption was monitored during the batch reactions in sealed 8 mL 
reactors using the biological oxygen monitoring system (APHA et al., 1998).
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3.2.9 Batch Reactors
Batch reactors used for bisphenol A kinetic studies were prepared through two 
different procedures. For rate of reaction, Michaelis-Menten constant calculation and 
progress curve measurement of BPA, batch reactors consisted of flasks containing 200 
mL of a buffered solution of bisphenol A and PEG3350 as an additive, where appropriate, 
were used. Initial oxygen concentration was at the saturation level. Initial bisphenol A 
concentrations ranged from 0.5 to 4 mM. The initial laccase concentration was 0.001 
U/mL. The reaction mixtures were buffered to pH 5.6 by using 0.02 M acetate buffer and 
were allowed to reach thermal equilibrium prior to initiation by addition of laccase. The 
open reactors were stirred vigorously during the reaction by using magnetic stirrers and 
Teflon-coated stir bars. Samples of 900 pL were taken at appropriate time intervals and 
immediately quenched with 100 pL of 0.5 M hydrochloric acid for the purpose of 
stopping the reaction. Immediately after all samples were collected, the aliquots were 
filtered through 0.2 pm HT Tuffryn membrane filters. The supernatant was analyzed 
both by the colorimetric method and HPLC to determine the residual bisphenol A 
concentration. The TOC was determined to deduce the PEG remaining. For rate of 
reaction, Michaelis-Menten constant calculation and progress curve measurement of 
oxygen and BPA at oxygen concentrations below saturation, batch reactions were 
conducted in sealed 8 mL reactors. Buffered bisphenol A samples were added to saturated 
distilled water. An oxygen scavenger sodium sulphite, and a catalyst, cobalt chloride, 
were added to the reactors. Nitrogen gas was sparged into the top of each reactor in order 
to replace air from the headspace of the reactor with nitrogen and to prevent of any 
interference of available air with oxygen consumption measurements. The reactors were
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then immediately sealed. The reaction was started by adding laccase with a syringe 
through the existing slot of oxygen probe. PEG was added along with bisphenol A where 
appropriate. The initial rate of oxygen consumption was determined at different oxygen 
concentrations. The range of oxygen concentrations varied from 0.7 mg/L to 8.4 mg/L. 
For BPA rate of consumption at oxygen concentrations below saturation, withdrawing a 
sample would have caused negative pressure in the reactor leading to the difficulty of 
taking more samples. Therefore, a separate sealed batch reactor was used for each sample 
at different time intervals.
3.3 Product Identification of Enzymatic Reaction
3.3.1 HPL C-MS Equipment and Conditions
A Quattromicro triple-quadrupole mass spectrometer (Micromass, Manchester, 
UK) coupled to a Waters 2695 (Waters Corporation, Milford, MA) HPLC system was 
used for all HPLC-ESI(-)-MS-MS analysis. The data were processed with Masslynx NT 
software (v 4.0). HPLC separation was performed by using a 150 mm x 2.1 mm i.d., 4 um 
particles Genesis C i8 120A column (Jones Chromatography Limited, Hengoed, UK) 
preceded by a Phenomenex Ci8 guard column (4 mm length, 2.0 mm o.d., 4 um particles) 
(Phenomenex, CA, USA) at a flow rate of 0.2 mL/min. A sample volume of 20 pL was 
injected into the separation system with an auto injector. Separation was performed by 
using mobile phase consisting of A (99% water -  1% acetic acid) and B (100% 
acetonitrile) with the ratio of 60:40. The elution profile started with an initial condition of 
100% A, after injection the mobile phase was changed to 100% B over 70 minutes and
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held constant for 15 min, then decreased linearly to the initial condition (100% A) over a 
5 min period, and finally held 100% A for 10 min.
The HPLC-ESI-MS-MS was operated in the ESI negative mode and in multiple 
reaction monitoring (MRM) mode. The MS-MS settings were optimized by using 10 pL 
injection of individual standard solution at concentration of 0.2 mg/mL of product for 
selection of suitable monitoring ions (product ions and precursor ions). The working 
solution 0.2 pg/mL of BPA was used to optimize HPLC separation parameters. The 
potential of the electro-spray needle was held at 3 .0 kV. The nebulizing and cone gas 
flow rates were 220 and 50 L/h, respectively, while the desolvation and source 
temperatures were 250° and 120°C, respectively, during MS-MS analysis. Ultra high 
purity argon (99.999%) (BOC Canada Limited, ON, Canada) was used as the collision 
gas at 3 x 10'3 mbar pressure for multiple reaction monitoring and cone voltage was set at 
20 V.
3.3.2 Batch Reactors
Batch reactors consisted of flasks containing 200 mL of a buffered solution of 
bisphenol A and PEG3350 as an additive where appropriate. Initial oxygen concentration 
was at the saturated state. Initial bisphenol A concentration was set at 0.5 mM. The initial 
laccase concentration was 0.002 U/mL, twice the optimum concentration to ensure the 
completion of reaction. The reaction mixtures were buffered to pH 5.6 by using 0.02 M 
acetate buffer and were allowed to reach thermal equilibrium prior to initiation by 
addition of laccase. The open reactors were stirred vigorously during the reaction with 
magnetic stirrers and Teflon-coated stir bars. Reaction was carried out for three hours and 
samples were taken at the beginning and at the end of mentioned time. The reactors were
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left for 24 hours to ensure the proper separation of products. Nine hundred (J.L samples of 
the reaction fluid were withdrawn and immediately quenched with 100 pL of 0.5 M 
hydrochloric acid. Immediately after all specimens were collected, the aliquots were 
filtered through 0.35 pm paper membrane filters to separate the solid and liquid phases. 
The supernatant was analyzed by the HPLC to determine the residual bisphenol A and the 
TOC was determined to deduce the PEG remaining.
3.3.3 Product Characterization
The solid residue retained on the membrane filter after filtration was rinsed with 
distilled water several times and was then blown dry under a gentle air stream. The 
residue was scrapped into a glass test tube and stirred vigorously with a mixture of 
chloroform and isopropanol (1:1, v/v) for 24 hours, leading to the dissolution of about 
one-third of the precipitated products. This was followed by centrifugation for 30 minutes 
to separate the remaining undissolved part of products. The liquid phase was then 
subjected to HPLC-MS test as described earlier.
Geometry optimization of dimers was performed by using the Cache 6.1 
program. The molecular structure of BPA free radicals were first optimized, and all 
possible couplings of these radials were examined by optimization of their geometry and 
the change in energy through coupling which guided through stability of the final 
coupling products and thus to its possibility of formation.
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In an enzyme reactor, combinations of mechanical, chemical and thermal 
processes interact to influence enzyme activity. Investigation of the extent of these 
influences is required to determine the operating capabilities of laccase and to provide 
means for the extension and/or optimization of catalytic lifetime.
Protein structures are stabilized by weak forces which often are important to its 
catalytic ability. However, this weak stability also implies that the enzyme is susceptible 
to perturbations in geometry and chemical structure resulting from changes in its 
chemical and physical environment with a resulting loss in native enzyme activity. For 
example, the pH of the surrounding environment can reduce the probability of certain 
types of interactions or alter the structure of the enzyme.
Before running the enzymatic reaction, it was necessary to optimize the various 
parameters that could affect the enzymatic treatment process.
The experiments were designed to achieve a removal of at least 95% of the initial 
bisphenol A in the solution unless otherwise stated. The reason for choosing 95% removal 
efficiency was that the enzymatic process would most likely find its application either as 
a main treatment process replacing biological treatment or a pre-treatment in conjunction 
with such conventional processes. In either case, 95% removal could be considered as a 
desirable removal objective.
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The reaction parameters optimized were pH, laccase concentration, both in the 
presence and absence of polyethylene glycol (PEG), and PEG concentration in that order. 
Each experiment was carried out in triplicate and the average of the three values is 
reported. Error bars have been included in the figures unless they were smaller than the 
data points. Calculations of error bars are based on standard deviation of triplicate data 
points. pH optimization was investigated under “stress” or “stringent” conditions with 
respect to enzyme concentration. This meant that insufficient enzyme was added to avoid 
complete conversion of the BPA, in order to better discern the effect of the varied 
parameter.
4.1.1. Optimum pH
Enzymes often function only when certain ionizable side chains are in a specific 
form. Since the characteristics of ionizable side chains of amino-acids depend on pH, 
enzyme activity is usually pH-dependent. In addition, at extremes of pH, the structure of 
the protein may be disrupted and the protein denatured (Palmer, 1995). Therefore, 
investigation of the effect of pH on the activity of enzyme is required to define the pH 
range over which it will function and to determine the relative importance of pH in 
optimizing the enzyme's catalytic lifetime.
Xu (1997) mentioned that the activity of laccase was dependent on pH, with each 
enzyme possessing an optimum pH (Xu, 1997). The pH activity of laccases were often 
bell-shaped with optima around 4.0-6.0 when measured with phenolic substrates 
(Palmieri et al., 1993; Xu, 1997; Garzillo et al, 1998). The bell-shaped pH profile may 
be the result of two opposing effects: increasing AE0 (laccase-substrate), and inhibition by 
hydroxide ions. To investigate the optimum pH, the removal of BPA was studied over a
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pH range from 4.0 to 10.0 at an initial BPA concentration of 0.5 mM, under saturated 
oxygen concentration, with PEG either absent or present at 400 mg/L. The only limiting 
participant in the reaction was laccase which was under stringent conditions of 
0.005U/mL. A Reaction time of 3 hours was sufficient to allow the reaction to go to 
completion. The buffers used to obtain the pH values were, acetate (acetic acid-sodium 
acetate) from 4.0-5.7 and phosphate (monobasic-dibasic sodium phosphate) from 5.7-9.5. 
In order to provide pH above 8.0, caustic soda was added to phosphate buffer. Buffers 
were overlapped to ensure that catalytic efficiency was dependant only on the pH and not 
on the buffer used.
Figure 4.1 shows that the removal of bisphenol A from solution, based on the 
residual absorbance at the peak wavelength is clearly a function of pH over a range of 4.0 
to 10.0 and in absence of PEG. Morethan 75% removal of bisphenol A was observed over 
the pH range of 5.0-7.0 with an optimum between 5.6 and 5.7. Even when the 
concentration of enzyme was increased by two-fold, the optimum pH remained the same. 
The removal efficiency of BPA showed a sharp decrease under alkaline conditions. Under 
alkaline conditions, two parameters played an important rule in the bisphenol A-laccase- 
oxygen system. The increase in pH decreased the redox potential of the phenolic 
substrate, which made the substrate more susceptible to oxidation by laccase (Xu, 1997) 
and so increased the removal efficiency. On the other hand, the laccase activity in neutral 
or alkaline pH decreases due to the inhibition effect of hydroxide ion as a result of 
binding to T2/T3 coppers of active site (Xu, 1997), and consequently decreasing the 
removal efficiency. The PEG effect on the pH dependence of bisphenol A removal was 
examined under similar stressed conditions (laccase at 0.001 U/mL) as shown in Figure
4.2. It was observed that the range of efficient removal broadened towards acidic
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
conditions from a relatively narrow range of 5.4-6.0 in the absence of PEG, to 4.0-6.0 in 
presence of PEG while the optimum pH remained was at 5.6 under both conditions. 
Thus, the presence of PEG increased the tolerance of pH in the acidic range.
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Figure 4.1: Sensitivity of BPA removal to pH as a function of laccase activity in the
absence of PEG.
Conditions: 0.5 mM BPA in batch reactor, buffered with 0.01 M acetate buffer for the 
pH range of 4.0 to 5.7 and 0.01 M phosphate buffer for the pH range of 6.0 to 9.5, after 3 
hour reaction with 0.005 or 0.010 U/mL laccase. (Error bars were small and not shown)
+  0.010 U/mL laccase activity ® 0.005 U/mL laccase activity
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Figure 4.2: Sensitivity of BPA removal to pH as a function of PEG concentration.
Conditions: 0.5 mM BPA and 0.001 U/mL laccase in the batch reactors, buffered with 
0.01 M acetate buffer for the pH range of 4.0 to 5.7 and 0.01 M phosphate buffer for the 
pH range of 6.0 to 9.5, after 3 hour reaction in presence of 0, 25, 75, 150 and or 400 mg/L 
PEG. (Error bars were small and not shown)
Without PEG ---- • —  25 mg/L PEG ---- ▲—  75 mg/L PEG
—¥ —  150 mg/L PEG ~ + ~  400 mg/L PEG
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4.1.2. Optimum Laccase Concentration
A primary objective of any treatment system should be to minimize cost of 
treatment system. Laccase, as is the case with other enzymes, represents one of the main 
cost components and, therefore, should be minimized (Al-Kassim et al., 1994b; Cooper 
and Nicell, 1996; Ibrahim et a l, 2001). The degree to which an aromatic substrate can be 
removed from solution depends on the amount of catalyst added since the catalyst has a 
finite lifetime. Due to a finite catalyst lifetime, it is expected that as the concentration of 
enzyme provided to the reaction mixture increases the degree of removal would also 
increase.
Experiments were performed to determine BPA removal as a function of enzyme 
concentration at the optimal pH and the maximum removal under non-limiting conditions 
of laccase under saturated oxygen concentration. The reactions were given sufficient time 
to go to completion (3 hours). Several BPA concentrations in the range of 0.1 -  1.0 mM 
were examined to determine the minimum laccase concentration required to achieve 95% 
removal. However, it should be recognized that even higher removal efficiencies could be 
achieved. A series of experiments were conducted in parallel, to determine optimum 
enzyme concentration and to test the effectiveness of PEG as an additive to protect the 
activity of laccase and thus reduce the concentration required to achieve 95% removal of 
BPA. Excess PEG concentration was used to achieve maximum protection for the 
enzyme. The reaction time was maintained at 3 hours to carry the reaction to completion. 
Oxygen was provided at saturation concentrations so that only the bisphenol A and 
laccase were limiting. The results of these experiments are shown in Figures 4 .3 to 4.7 for 
different substrate concentrations. As an example, Figure 4.3 describes the dependence of
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the bisphenol A removal efficiency on the enzyme concentration at the BPA 
concentration of 0.1 mM in the absence and presence of PEG.
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Figure 4.3: Laccase optimization for 0.1 mM Bisphenol A with and without PEG.
Minimum Laccase concentration, with and without PEG, required to accomplish >95% 
bisphenol A transformation of 0.1 mM bisphenol A initial concentration. Conditions, 
batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L when present. 
—■—  without PEG ---- a —  with PEG
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Laccase Concentration U/mL
Figure 4.4: Laccase optimization for 0.3 mM Bisphenol A with and without PEG.
Minimum Laccase concentration, with and without PEG, required to accomplish >95% 
bisphenol A transformation of 0.3 mM bisphenol A initial concentration. Conditions: 
batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L when present. 
—■—  without PEG ---- # —  with PEG
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Laccase Concentration U/mL
Figure 4.5: Laccase optimization for 0.5 mM Bisphenol A with and without PEG.
Minimum Laccase concentration, with and without PEG, required to accomplish >95% 
bisphenol A transformation of 0.5 mM bisphenol A initial concentration. Conditions: 
batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L when present. 
—■—  without PEG ---- # —  with PEG
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Laccase Concentration U/mL
Figure 4.6: Laccase optimization for 0.7 mM Bisphenol A with and without PEG.
Minimum Laccase concentration, with and without PEG, required to accomplish >95% 
bisphenol A transformation of 0.7 mM bisphenol A initial concentration. Conditions, 
batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L when present. 
—■—  without PEG ---- # —  with PEG
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0.040.01 0.02 0.03 0.050.00
Laccase Concentration U/mL
Figure 4.7: Laccase optimization for 1.0 mM Bisphenol A with and without PEG.
Minimum Laccase concentration, with and without PEG, required to accomplish >95% 
bisphenol A transformation of 1.0 mM bisphenol A initial concentration. Conditions: 
batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L when present. 
—■—  without PEG ---- A—  with PEG
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These figures demonstrate that the removal of bisphenol A has increased linearly 
with enzyme concentration until the amount of substrate became limiting. Any further 
addition of enzyme did not improve the removal efficiency. The residual absorbance is 
attributed to the formation of soluble by-products of the polymerization reaction which 
are not good substrates of the enzyme.
The target goal was to achieve 95% removal, and so the corresponding laccase 
concentration for 95% removal of bisphenol A at each BPA concentration was considered 
as an optimum. Moreover, it was found that, for all bisphenol A concentrations that were 
tested, PEG reduced the amount of laccase required to achieve >95% removal efficiency. 
The optimum laccase concentrations obtained under different conditions are shown in 
Table 4.1 and figure 4.8.
In order to compare the quantity of enzyme required in the presence and absence 
of PEG, the BPA initial concentrations have been plotted against the corresponding 
optimum laccase concentrations in Figure 4.8. Linear relationships were found between 
minimum laccase concentration and initial bisphenol A concentrations with and without 
PEG. The ratio of the slopes in Figure 4.8 indicates that PEG reduced the quantity of 
laccase required to achieve 95% removal of bisphenol A by a factor of about 5 .2 .
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Figure 4.8: Laccase optimization.
Minimum Laccase concentration, with and without PEG; required to accomplish 
>95% bisphenol A transformation as a function of initial bisphenol A concentration. 
Conditions: batch reactors, buffered at pH 5.6, 3 hour reaction time, PEG at 400 mg/L 
when present.
—■—  With out PEG ---- A—  With PEG
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Table 4.1. Optimum laccase concentration required for 95% removal of BPA in presence 
and absence of PEG










0 . 1 5.6 0.0005 0 . 0 0 0 1
0.3 5.6 0 . 0 0 2 0 0.0007
0.5 5.6 0.0040 0 . 0 0 1
0.7 5.6 0.0070 0.0015
1 . 0 5.6 0 . 0 1 0 0 0 . 0 0 2
4.1.3. Optimum PEG Concentration
PEG is a synthetic additive with potential environmental impacts, such as 
oxygen demand. Therefore, its addition should be minimized (Nakamoto and Machida, 
1992; Wu J. et al., 1993). A series of experiments was conducted to optimize the PEG 
concentration for BPA concentrations in the range of 0.1 -  1.0 mM. The optimum 
enzyme concentrations found during laccase optimization studies were used. The 
optimum concentration of PEG was the minimum amount necessary to provide maximum
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protection to the enzyme at a given BPA concentration. The objectives of these 
experiments were to optimize the use of PEG to treat bisphenol A with laccase, and to 
observe the effect of excess and limiting PEG on the treatment of bisphenol A. The 
results of these experiments are shown in Figures 4.9 to 4.13.
6 -
4 -
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Initial PEG concentration (mg/L)
Figure 4.9: Optimum PEG Concentration for 0.1 mM BPA. Minimum PEG
concentration required to accomplish >95% transformation of 0.1 mM bisphenol A. 
Conditions: batch reactors, buffered at pH 5.6, after 3 hour reaction time treated with 
0.0001 U/mL optimum enzyme concentration.
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Initial PEG concentration (mg/L)
Figure 4.10: Optimum PEG Concentration for 0.3 mM BPA. Minimum PEG 
concentration required to accomplish >95% transformation of 0.3 mM bisphenol A. 
Conditions: batch reactors, buffered at pH 5.6, after 3 hour reaction time treated with 
0.0007 U/mL optimum enzyme concentration.
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Initial PEG concentration (mg/L)
Figure 4.11: Optimum PEG Concentration for 0.5 mM BPA. Minimum PEG 
concentration required to accomplish >95% transformation of 0.5 mM bisphenol A. 
Conditions: batch reactors, buffered at pH 5.6, after 3 hour reaction time treated with 
0.0010 U/mL optimum enzyme concentration.
68




25 50 75 100 125 150 175 200 2250
Initial PEG concentration (mg/L)
Figure 4.12: Optimum PEG Concentration for 0.7 mM BPA.
Minimum PEG concentration required to accomplish >95% transformation of 0.7 mM 
bisphenol A. Conditions: batch reactors, buffered at pH 5.6, after 3 hour reaction time 
treated with 0.0015 U/mL optimum enzyme concentration.
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Initial PEG concentration (mg/L)
Figure 4.13: Optimum PEG Concentration for 1.0 mM BPA.
Minimum PEG concentration required to accomplish >95% transformation of 1.0 mM 
bisphenol A. Conditions: batch reactors, buffered at pH 5.6, after 3 hour reaction time 
treated with 0.0020 U/mL optimum enzyme concentration.
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It can be seen from these figures that the addition of PEG increased the removal 
efficiency of BPA up to a certain point, this minimum effective concentration is 
considered to be the optimum PEG concentration, beyond which further addition did not 
improve the removal. The optimum PEG concentrations obtained with different BPA 
concentrations are shown in Table 4.2. A linear relationship between minimum effective 
PEG concentration and initial bisphenol A concentration with optimum laccase 
concentration is shown in Figure 4.14. From this it may be seen that approximately 150 
mg/L of PEG provided maximum benefit for each mM of BPA removed.
4.1.4. Fate of PEG
The effectiveness of PEG in reducing the optimum enzyme concentration has 
been discussed above. The fate of PEG in the treatment process is important due to its 
potential environmental impacts and effects on aquatic lives, etc. TOC measurements 
were used to estimate the PEG remaining in the solution after treatment.
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Figure 4.14: PEG Concentration as a function of initial BPA concentration.
Minimum PEG concentration required to accomplish >95% bisphenol A transformation 
as a function of initial bisphenol A concentration. Conditions: batch reactors, buffered at 
pH 5.6, after 3 hour reaction time treated with optimum enzyme concentration for each 
bisphenol A concentration.
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0 . 1 5.6 0.0005 0 . 0 0 0 1 2 0 2 0 0
0.3 5.6 0 . 0 0 2 0 0.0007 50 150
0.5 5.6 0.0040 0 . 0 0 1 75 150
0.7 5.6 0.0070 0.0015 115 160
1 . 0 5.6 0 . 0 1 0 0 0 . 0 0 2 145 145
TOC values of the enzyme-treated and filtered samples of 0.5 mM bisphenol A 
have been plotted against the PEG concentration in Figure 4.15. This provides 
experimental evidence that the benefits associated with the addition of PEG level off after 
the threshold concentration. Threshold concentration or minimum effective concentration 
of PEG, is considered to be the optimum PEG concentration, beyond which further 
addition did not improve the removal of BPA. Such data has been given in table 4.2. The 
amount of PEG consumption was increased with PEG addition and approached a limit, or 
threshold of 75 mg/L for 0.5 mM BPA. At left side of the PEG threshold, TOC of
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supernatant will decrease by increasing the PEG concentration. It is speculated that BPA 
concentration remaining in the solution is responsible for such TOC as given in Tables 
4.3 and 4.4. Figure 4.14 indicates that the optimum PEG concentration is directly related 
to the amount of bisphenol A treated. In addition, there is a constant ratio of the mass of 
bisphenol precipitated per mass of PEG precipitated from solution. These observations 
imply that there is a stoichiometric relationship between the quantity of phenolic 
polymers created and the quantity of PEG that is required to associate with these 
polymers. As PEG monomer has an average molecular mass of 44, based on the Figure 
4.14, this average ratio is 3 for each mM of bisphenol A.
Furthermore, the threshold amount of PEG had precipitated with the BPA 
polymer and any additional PEG beyond the threshold remained in solution after the BPA 
had precipitated. This is consistent with the suggestion that PEG acts like a sacrificial 
polymer and attaches to phenolic polymers as they form (Nakamoto and Machida, 1992; 
Nicell and Kinsley, 2000). It is evident that the right-hand portion of Figure 4.15 exhibits 
a linear increase in TOC with PEG. The point at which the plot of Figure 4.15 becomes 
linear corresponds to the threshold concentration of PEG (from Figure 4.11 it is 75 mg/L 
for 0.5 mM bisphenol A). Therefore, the linear portion in Figure 4.15 is the region in 
which PEG is in excess. Based on the standard curve for PEG, each milligram of PEG 
produced 0.51 milligram of TOC (Appendix D). The slope of this linear portion is the 
same as the slope of the TOC standard curve for PEG.
The fate of PEG was investigated for 0.5 mM bisphenol A buffered with 0.02 M 
acetate. Acetate buffer had its own TOC value, with a high contribution in total TOC of 
the solution. A similar test was conducted with phosphate buffer, which had no TOC 
value, in order to increase the accuracy and confirm the results of batch reactors buffered
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with acetate buffer. Results and calculations are shown in Tables 4.3 and 4.4. The 
experimental results for 0.5 mM BPA in acetate are plotted in Figure 4.16. Similar trends 
were found for the experiment conducted in phosphate buffer as shown in Figure 4.17. 
These results demonstrate that, up to the threshold PEG concentration, almost all the PEG 
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Figure 4.15: TOC of treated wastewater as a function of PEG concentration
TOC of batch reactor after completion of bisphenol A transformation as a function of 
initial PEG concentration added to batch reactor. Conditions: 0.5 mM BPA in batch 
reactors, buffered at pH 5.6 with phosphate buffer, after 3 hour reaction time with laccase 
at an initial concentration of 0.0010 U/mL.
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Table 4.3. Material balance before and after reaction while using acetate as buffer
PEG initial concentration (mg/L) 0 25 50 75 1 0 0 150
Total TOC remaining (mg/L) 0 590 589 579 592 617
bisphenol A remaining (mM) 0 0.0996 0.0963 0.0333 0.0334 0.0332
TOC of remaining bisphenol A
(mg/L)
0 21.5 20.9 10.4 10.4 10.4
TOC of PEG remaining after 
reaction (mg/L)
0 0.13 0.18 0.14 13.2 38.6
PEG remaining (mg/L) 0 0 . 2 0.3 0.3 26 74
PEG used (mg/L) 0 25 50 75 74 76
Conditions: 0.5 mM BPA in batch reactor, buffered with 0.04 M acetate buffer for pH 5.6 after 3 
hour reaction time treated with 0.0010 U/mL laccase.
TOC o f acetate buffer was 568 mg/L (Appendix D).
TOC o f bisphenol A  was calculated from bisphenol A  standard TOC calibration curve (Appendix
D).
TOC o f  remaining PEG = Total TOC -  TOC o f  remaining bisphenol A  -  TOC o f  buffer.
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Table 4.4. Material balance before and after reaction while using phosphate as buffer
PEG initial concentration (mg/L) 0 25 50 75 1 0 0 150
Total TOC remaining (mg/L) 0 2 1 . 6 2 1 . 0 1 0 . 8 23.3 49. 8
bisphenol A remaining (mM) 0 0.0986 0.0943 0.0313 0.0315 0.0309
TOC of remaining bisphenol A
(mg/L)
0 21.3 2 0 . 6 1 0 . 0 1 0 . 1 9.96
TOC of PEG after reaction (mg/L) 0 0.29 0.42 0.77 13.2 39.8
PEG remaining (mg/L) 0 0.5 1 2 26 77
PEG used (mg/L) 0 25 49 73 74 73
Conditions: 0.5 mM BPA in batch reactor, buffered with 0.04 M phosphate buffer for pH 5.6 after 
3 hour reaction time treated with 0.0010 U/mL laccase.
TOC o f phosphate buffer was 0 mg/L (Appendix D).
TOC o f bisphenol A was calculated from bisphenol A  standard TOC calibration curve (Appendix
D).
TOC o f remaining PEG = Total TOC -  TOC o f  remaining bisphenol A
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Figure 4.16: PEG fate in acetate buffer
Fate of PEG after completion of bisphenol A transformation as a function of initial PEG 
concentration added to the batch reactor. Conditions: 0.5 mM BPA in batch reactors, 
buffered at pH 5.6 with acetate buffer, after 3 hour reaction time treated with 0.0010 
U/mL laccase.
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Figure 4.17: PEG fate in phosphate buffer.
Fate of PEG after completion of bisphenol A transformation as a function of initial PEG 
concentration added to the batch reactor. Conditions: 0.5 mM BP A in batch reactors, 
buffered at pH 5.6 with phosphate buffer, after 3 hour reaction time treated with 0.0010 
U/mL laccase.
PEG added (mg/L) A—PEG consumed (mg/L) —B PEG remaining
(mg/L)
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.1.5. Improvement o f the Settling Characteristics of the Precipitates by Alum
Coagulation
The BPA precipitate was composed of fine particles, which did not settle rapidly 
after the enzymatic reactions. Since the pKa of BPA is 10.52, alum was considered to be 
a good coagulant because of its inherent acidity. It was indicated by previous researchers 
(Ibrahim et al., 2001; Caza et al., 1999, Mantha et al., 2002) that alum was useful in 
settling of the final floes, formed during the enzymatic treatment of phenolic compounds 
with Soybean peroxidase (SBP), and Arthromyces ramosus peroxidase (ARP). They 
indicated an optimum pH range of 6 .5-8.0 for effective treatment with alum. However, it 
was found that in comparison to enzymatic treatment itself, removal efficiency did not 
increase. In the current research, it was decided to study the settling characteristics of the 
precipitate produced during the flocculation/sedimentation process after using alum as 
coagulant and lime or sodium hydroxide to adjust the pH. The concentration of alum 
needed for settling the floes was optimized and the sludge settling interface velocity as a 
function of alum concentration was investigated.
In the first stage, under optimum conditions, when the removal efficiency was 
greater than 95%, alum was added to the enzymatically-treated batch reactors. After 
addition of alum, pH was adjusted to around 7.0 using sodium hydroxide. After 1 minute 
of rapid mixing and 2 0  minutes of flocculation, the reaction mixture was allowed to settle. 
As the enzymatic treatment was done under optimum pH of 5.6, the pH was adjusted to 
around 7.0 by adding sodium hydroxide. Figures 4.18 and 4.19 show the results obtained 
for experiments conducted with and without PEG. It was observed that the addition of 
alum improved the settling velocity of the precipitate.
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Figure 4.18: Effect of alum concentration on clear liquid volume in absence of PEG.
Conditions: 0.5 mM BPA in batch reactors, buffered at pH 5.6 with phosphate buffer, 
after 3 hour reaction time with 0.0010 U/mL laccase.
■ Without Alum 
T  75 mg/L Alum 
-|> 150 mg/L Alum
#  25 mg/L Alum A
^  100 mg/L Alum M
♦  200 mg/L Alum
50 mg/L Alum 
125 mg/L Alum
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Figure 4.19: Effect of alum concentration on clear liquid volume in presence of PEG.
Conditions: 0.5 mM BPA in batch reactors, buffered at pH 5.6 with phosphate buffer, 
after 3 hour reaction time with 0.0010 U/mL laccase in presence of 75 mg/L PEG.
® Without Alum 
y  75 mg/L Alum 
_[£» 150 mg/L Alum
® 25 mg/L Alum ^  50 mg/L Alum
^  100 mg/L Alum -4 125 mg/L Alum
+  200 mg/L Alum
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Although addition of the PEG improved the overall BPA removal, the settling 
properties of the precipitate, once formed, was not influenced by the presence of the PEG 
without using alum (Figure 4.19).
Addition of alum to the batch reactors showed an increase of 22-70 % of clear 
liquid volume after 3.0 hours of settling time over the range of 25-200 mg/L of alum 
(Figure 4.18). Similar results in the presence of PEG showed 34 -90 % of clear liquid 
volume after 3.0 hours of settling time (Figure 4.19).
The undesired result of this treatment process was the decrease in pH, which was 
attributed to the addition of alum. In the second phase, lime was added to neutralize the 
acidity developed during alum coagulation. It was also hoped that the settling time would 
also be reduced. Addition of 50 mg/L lime (as CaO) to the batch reactors containing 100- 
150 mg/L alum, reduced the settling time from 3.0 to 2.5 hours both in the absence and 
presence of the PEG (Figure 4.20) and improved the pH of the treated solution to around 
6.0 . A correlation was developed (Figure 4.21) which adequately predicts the interface 
velocity as a function of alum concentration in the presence of lime:
Vs = 0.026 x Alum concentration for the enzyme-treated waste in the absence of PEG 
Vs = 0.029 x Alum concentration for the enzyme-treated waste in the presence of PEG 
Where Vs is the sludge settling interface velocity in meters per hour and the alum 
concentration as A ^ S O ^  is in mg/L.
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Figure 4.20: Effect of lime addition on settling time reduction.
Conditions: 0.5 mM BPA in batch reactors, buffered at pH 5.6 with phosphate buffer, 
after 3 hour reaction time with 0.0010 U/mL laccase, in presence and absence of PEG. 
Alum from 100-150 mg/L along with 50 mg/L lime was then added, pH was adjusted to 
7.0. After 1 minute rapid mixing, and 20 minutes of flocculation, the reaction mixture was 
left for settling.
® Control ®  100 mg/L Alum, 50 mg/L lime (without PEG) A  125 mg/L
Alum, 50 mg/L lime without PEG y  150 mg/L Alum, 50 mg/L lime without PEG 
★100 mg/L Alum, 50 mg/L lime with PEG ★ 125 mg/L Alum, 50 mg/L lime with PEG 
-5*150 mg/L Alum, 50 mg/L lime with PEG
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Figure 4.21: Interface velocity as a function of alum concentration.
Conditions: 0.5 mM BPA in batch reactors, buffered at pH 5.6 with phosphate buffer, 
after 3 hour reaction time with 0.0010 U/mL laccase, in presence and absence of PEG. 
Alum from 100-150 mg/L along with 50 mg/L lime was then added, pH was adjusted to 
around 7.0. After 1 minute of rapid mixing, and 20 minutes of flocculation, the reaction 
mixture was allowed to settle.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Kinetic model development
An understanding of the mechanisms and kinetics of enzyme systems is essential 
for the optimum design of efficient reactor systems. It is suggested that the mechanism of 
laccase catalysis involves three steps: (1) the reduction of copper Type 1 by oxidizing a 
substrate, (2) internal electron transfer between different copper types, and (3) the 
reduction of O2 to water at the Type 2 and the Type 3 copper sites (Messerschmidt, 1994; 
Thurston, 1994; Yaropolov et al., 1994). The rate-determining step for the overall 
catalytic cycle is substrate oxidation (Solomon et al., 1996).
However, the cost of production of laccase, coupled with its tendency to become 
inactivated during the treatment process, may result in excessive treatment costs. 
Consequently, this becomes one of the most significant factors in eventual full-scale 
application of the process. In an effort to reduce the treatment cost, recent research with 
peroxidases in analogous reactions has focused on reducing enzyme inactivation by using 
high molecular mass polyethylene glycol (PEG) (Wu et al., 1993; Nakamoto et al., 1992; 
Nicell et al., 1995). Earlier studies showed that PEG acts analogously in laccase- 
catalyzed reactions (Modaressi et al., 2004, 2005). Therefore, kinetics of the laccase- 
oxygen-aromatic compound system was studied in order to gain a better understanding of 
the treatment process.
Traditionally, steady-state kinetic models have been used to describe the 
function of the enzyme in its reaction environment. While such models may be used to
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evaluate kinetic parameters of enzyme systems, they do not adequately describe the 
function under non-ideal and unsteady-state conditions where competing reactions 
interfere with the catalytic cycle of the enzyme. Also, the progress of the reaction may be 
modeled inaccurately if the time dependence of the concentrations of reactants and the 
enzyme are neglected (Barshop et al., 1983). The alternative is to establish explicit 
differential equations to describe the system of reactions and to integrate them over the 
desired time interval. This allows the simulation of reactions of greater complexity than 
can be addressed by using a steady-state approach.
The output of a good model should fit the data collected from experiments, even 
under extreme reaction conditions such as different enzyme concentrations and co­
substrates, in this case oxygen and bisphenol A concentrations. Thus, the model must 
satisfy the following limiting reaction phenomena observed in laccase-catalyzed 
reactions:
• when there is not enough laccase or oxygen present in the reaction mixture, the 
conversion of bisphenol A will not be completed;
• when there is extra oxygen in the reaction mixture, the bisphenol A removal 
efficiency might be affected; and
• when there is extra laccase in the reaction mixture, the reaction time required for 
complete removal will be shorter.
5.1.1 Michaelis-Menten constants fo r  bisphenol A and oxygen
In any enzymatic reaction, started with reactants only, the appearance of a 
product with time shows a graph of the form presented in Figure 4.2.1. The rate of 
reaction at any time t is the slope of the curve at that point.
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Slope of this tangent at time 









Figure 5.1.1: Product concentration against time for chemical reaction
The initial velocity (v0) of the reaction is the rate at t = 0 and may be determined 
by drawing a tangent to the graph as shown in Figure 5.1.1 From this tangent: 
dP = i M  ( 5 1 1 )
dt t j t q
Where [So] is initial concentration of substrate in this case bisphenol A , and [S]
is the substrate concentration at time t, and time to, is the start time of the reaction.
Product formation [P] is the difference between initial substrate concentration and its
8 8
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concentration at time t. Initial velocity is dependent on initial substrate concentration as 
depicted in Figure 5.1.2. Vmax represents the maximum value of (v0) at substrate 






Figure 5.1.2: Initial velocity against initial substrate concentration for a single substrate 
enzyme-catalyzed reaction.
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The importance of initial velocity is that it is a kinetic parameter determined for 
the reaction in a situation which can be easily specified. The initial concentrations of each 
reactant are known from the amounts actually added; however, this would not be true at 
any other point during the reaction. Also, since there are no products present at t = 0 , no 
reverse reaction will be taking place.
A graph of initial velocity (v0) against initial substrate concentration [S0] at 
initial total enzyme concentration [E0] is a rectangular hyperbola, as shown in Figure 
5.1.2. Such a graph is represented by following the general equation:
v = Vmax X[So] (5. L2)
[S0] + K m
which is known as the one-substrate Michaelis-Menten equation. Here, Vmax 
represents the maximum value of (v0) and Km is the Michaelis constant and is equal to the 
value of S0 when v0 takes the value of Vmax/2.
Initial velocity studies have been found useful particularly for investigating the 
kinetics of enzyme-catalyzed reactions. Since the enzymes are often unstable in solution, 
the restriction of investigations to v0 determinations gives the best chance of avoiding 
errors caused either by loss of enzyme activity with time or by product inhibition (Palmer, 
1995). The Michaelis-Menten model was adapted to address the behavior of the laccase- 
substrate complex in the presence and absence of PEG and to obtain a better 
understanding of how PEG protects laccase from inactivation. It is assumed that free 
enzyme combines with the substrate to form an enzyme-substrate complex, which further 
dissociates into product and free enzyme. This approach has been successfully used in 
this laboratory to model the initial rate of reaction of several oxidative enzymes (Yu et 
al., 1994; Ibrahim et al., 2001; Wang et al., 2001; Dasgupta et al., 2004).
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The disappearance of bisphenol A during the initial 10 minutes of reaction was 
used to determine the initial velocity of bisphenol A for the enzyme-catalyzed reaction of 
bisphenol A and oxygen. These experiments were conducted by taking a sample from a 
reaction mixture at a predetermined time and halting the reaction by adding hydrochloric 
acid as described in Section 3.1.2.
The change in oxygen concentration was measured by using an oxygen 
monitoring system as per Section 3.2.1. During the time course of reaction, the 
production of precipitate can cause errors in measurement of the oxygen consumption 
with an oxygen probe. Therefore, the consumption of oxygen during the first 2 minutes of 
reaction was used to determine the initial velocity of oxygen uptake for the enzyme- 
catalyzed reaction of bisphenol A and oxygen.
5.1.1.1 Kinetic Constants
As a simplification, kinetic experiments were carried out to estimate initial rates 
at fixed concentration of one substrate over a range of concentrations of the other 
substrate. A second set of experiments was carried out by interchanging the fixed and 
variable substrates. Each of these sets of data was fitted to the simple, one-substrate 
Michaelis-Menten model, Equation 5.1.2, to derive apparent parameters. It is recognized 
that there will be only one Vmax, the limiting velocity at saturation of both substrates. 
Mention of Vmax (bis) and Vmax (0 2) is simply to denote the variable substrate and the 
particular enzyme concentration for the respective sets of kinetic experiments.
5. 1. 1.2 Initial rate of bisphenol A oxidation, Vmax ̂  and Km ̂
The initial rates of bisphenol A removal were measured at various concentrations 
of the BPA from 0.1 to 2.0 mM, and an enzyme concentration of 0.001 U/mL at pH 5.6 in
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open batch reactors at room temperature of 22 ± 2 °C, to provide sufficient oxygen during 
the reaction. Initial oxygen concentration was at saturation level of approximately 8.4 
mg/L. BPA concentrations were measured colorimetrically and the results were 
confirmed with HPLC at 278 nm.
The experiments were conducted in triplicate and the average value of initial 
velocity was analyzed by using the linear fit. The slope of the line was considered as the 
initial rate. The plot of initial rate vs BPA concentration in Figure 5.1.3, followed a 
hyperbolic pattern, as expected for Michaelis-Menten kinetics. Statistical analysis of data 
yielded the values of the apparent Michaelis constant, Km (bis), of 0.185 mM and the 
apparent maximum velocity, Vmax (bis), of 0.013 mM.min' 1 (Table 5.1.1).
Similar procedure in the presence of PEG at 75 mg/L showed the values of the 
apparent Michaelis constant, Km(biS), of 0.573 mM and the apparent maximum velocity, 
Vmax (bis), of 0.047 mM.min' 1 (Figure 5.1.3 and Table 5.1.1.). Enzyme specificity, 
Vmax/Km, is equal to 0.07 and 0.08 in the absence and presence of PEG, respectively, 
reflecting the approximately equal proportional changes in the two parameters upon 
inclusion of PEG. As shown, PEG increased initial velocities at each substrate 
concentration (Figure 5.1.3). It has been reported earlier in Section 4.1.3 that PEG also 
increased total substrate consumption.
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Figure 5.1.3: Michaelis-Menten plot for oxidation of BPA in the presence and absence 
of PEG with laccase SP-504.
Conditions: 0.1-2.0 mM BPA in batch reactor, buffered at pH 5.6 with 0.02 M acetate 
buffer after 10 minute enzyme treatment with laccase at 0.001 U/mL and PEG 
concentration of 75 mg/L, where appropriate. Fitted kinetic parameters in the presence of 
PEG are: Vmax(bis)= 0.047±0.002 mM.min'1, Km(biS)= 0.573±0.073 mM, R2: 0.988 and in 
the absence of PEG are: VmaX(bis)= 0.013±0.001 mM.min'1, Km(bis)~ 0.185±0.043 mM, R2: 
0.967.
—■— Without PEG ---- ▲—  With PEG
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Laccase concentration 0.001 U/mL Laccase concentration 0.001 U/mL
Bisphenol A in 
absence of PEG








0.013±0.001 0.047±0.002 0.013±0.002 0.013±0.002
app Km
(mM)
0.185±0.043 0.573±0.073 0.093±0.031 0.066±0.024
Vmw/Km
(miri1)
0.07 0.08 0.14 0.19
5.1.1.3 Initial rate of oxygen consumption, Vmax (02) and Km (o2>
The initial rates of oxygen consumption were measured at various oxygen 
concentrations with 0.5 mM BPA and an enzyme concentration of 0.001 U/mL at pH 5.6 
in closed batch reactors. The progress curves of oxygen consumption during the first 2 
minutes of reaction were fitted to a linear function to define the initial velocity. The slope
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of the line was considered as initial rate. The data showed that, during the reaction, only a 
fraction of oxygen had been used.
The plot of initial rate vs. initial oxygen concentration followed a hyperbolic 
pattern (Figure 5.1.4), yielding the values of the apparent maximum velocity, Vmax(0 2 ), of 
0.013 mM.min' 1 and Km (0 2 ) of 0.093 mM (Table 5.1.1). It has been reported that high 
concentrations of oxygen can have an inhibitory effect on the reaction (Wang, 2001). The 
last data point in the figure at 0.25 mM oxygen concentration did not follow the 
hyperbolic trend and was neglected in the data analysis. Therefore, the reported values for 
Vmax(0 2 ) and Km(0 2) are for oxygen concentration range of 0-0.2 mM.
The same procedure in presence of 75 mg/L of PEG showed the values of Kmo2), 
to be 0.066 mM and the apparent maximum velocity, Vmax (0 2 ), to be 0.013 mM.min' 1 
(Figure 5.1.4). The specificity constant for oxygen consumption, which is the ratio of 
Vmax/Km, is 0.14 and 0.19 in the absence and presence of PEG, respectively.
It is observed from the graph that at high oxygen concentrations, i.e. above 0.2 
mM, oxygen had an inhibitory effect on the reaction and this inhibition was not reduced 
while PEG was present in the batch reactor. The Michaelis-Menten equation is derived 
with respect to single-substrate enzyme-catalyzed reaction with one substrate-binding site 
per enzyme and the formation of a single intermediate complex. This condition does not 
apply to the enzyme catalyzed reaction of bisphenol A and oxygen. However, the 
requirement for a single-substrate reaction can be taken to include pseudo-single-substrate 
reactions and also variation with respect to one substrate in a multi-substrate reaction, 
provided that the other substrates are maintained at a constant concentration. The 
Michaelis constants for bisphenol A and oxygen were used in developing a kinetic model 
discussed in the chapter on kinetic modeling.
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Figure 5.1.4: Michaelis-Menten plot for oxygen consumption during BPA reaction in 
the absence and presence of PEG with laccase SP-504.
Condition: 0.5 mM BPA, 0.019-0.25 mM oxygen in batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer after 2 minute enzyme treatment with laccase at 0.001 U/mL. 
For hyperbolic plot, the last point was neglected.
■ Without PEG (Vmax(02): 0.013±0.002 mM.min'1, Km(02): 0.093±0.031 mM, R2: 0.97)
A  With PEG (Vmax(02): 0.013±0.002 mM.min'1, Km(o2): 0.066±0.024 mM), R2: 0.962)
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5.2 Kinetics Model
5.2.1 Kinetic Model development
Enzymes are both measured and defined by their effect on the rates of reactions. 
Similarly, mathematical descriptions of the overall reaction, or individual steps in the 
catalytic cycle, are formulated in terms of rates. In contrast, experimental measurements 
of these reactions rarely, if ever, determine rates directly. Rather substrate or product 
concentrations are determined at various times, and rates are calculated from the change 
in concentration with time.
In this study, laccase-catalyzed reaction involved two substrates, bisphenol A 
and oxygen. Therefore, it was necessary to consider the enzyme catalyzed reaction as 
two-substrate two-product reaction. Since there are two substrates, bisphenol A and 
oxygen, and two products, free radical and water, this type of reaction is often called a 
"bi-bi" reaction (Dunford, 1991). This reaction is sequential, where oxygen must bind 
first to the native enzyme and then oxidize it to peroxy-intermediate before the aromatic 
molecule can bind it. The aromatic compound can not be bound to the enzyme in its 
native form.
A comprehensive laccase-oxygen kinetic study of R. vernicifera laccase was 
conducted by Lee and coworkers (2002). According to their study, the multi-copper 
laccase (Lc) catalyzed the four-electron reduction of O2 to H2O according to Equation 
5.1.3:
0 2 + 4 e -  + 4 H + ->  2H 20  (5.1.3)
Cu+
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The metal centers in the multi-copper oxidases are classified into three types 
according to their spectroscopic characteristics. The Type 1 (Tl) center is the substrate 
reaction site, and the T2 and T3 centers are close together and form a trinuclear cluster, 
which is the site of dioxygen reduction (Lee et al., 2002). According to their study, 
oxygen binds to the copper center of laccase and oxidizes it to a species called the 
peroxy-intermediate in a very rapid reaction (k~ 2x 1 0 6 M 'V 1). The peroxy-intermediate 
is not stable and is rapidly oxidized (k > 1 0 0 0  s’1) to a native intermediate, i.e. a laccase 
species with all of its copper atoms oxidized. The native intermediate was proposed as the 
primary acceptor of reducing substrates under turnover conditions (Lee et al., 2002). It is 
essential to extend the same expression for other laccases since all laccases utilize oxygen 
as a primary oxidant. This would indicate that the kinetics of the two-step reaction can be 
modeled as a single step with a single apparent rate-constant. Thus, it is assumed that all 
the oxidation of native laccase species (Ered) by oxygen (O2) to oxidized enzyme species 
(Eox) can be represented by:
a  bisphenol A + E ox—i"E red +product (5.1.4)
E red +O2 —*■ E 0X+H2O (5.1.5)
laccase + product —̂ inactivated enzyme (5.1.6)
where a  is the stoichiometric coefficient representing the moles of substrate oxidized per 
mole of oxygen.
A two-substrate interactive modified ping-pong mechanism was suggested as a function 
of initial bisphenol A and dissolved oxygen concentrations, as given by Equation 5.1.7 
(Cornish-Bowden and Wharton, 1988):
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Vo initial velocity (mM min' 1 )
Km(bis)- Michaelis-Menten half-saturation constant with respect to the
bisphenol A concentraion (mM)
Km(o2) = Michaelis-Menten half-saturation constant with respect to the 
dissolved oxygen concentration (mM)
Vmax = Maximum reaction rate of polymerization (mM (BPA) min'1)
S°bpa = Initia.l concentration of bisphenol-A in reaction medium (mM)
S0o  ̂ = Initial concentration of dissolved oxygen (mM)
5.2.2 Enzyme Inactivation Model
If inactivation of laccase was due to its interaction with the products, the enzyme 
inactivation reaction, Equation 5.1.6 might be assumed to be a bimolecular process with a 
constant km as shown by Equation 5.1.8:
where [P], [E] and [Sbpa] are concentrations of product (being treated as monomer 
equivalents), the active enzyme and bisphenol A, respectively.
(5.1.8)
in which product formation can be defined by Equation 5.1.9:
[P] = [S0bpa] - [S bpa] (5.1.9)
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5.2.3 Empirical Model for Product Formation
Based on experimental results of this study, it has been observed that the rate of 
aromatic substrate oxidation can be written as:
- ^ p -  = k,SBPA (5110)
where ki is the first-order rate constant for the disappearance of substrate [S], 
Integration of this equation yields:
Sbpa= Sobpa( 6  1 ) (5.1.11)
In this study, ki is a pseudo-constant.
P = S()BPA ~ S BpA~SoBp A (l-e  ̂ ) (5.1.12)
Because of other factors involved, Equation 5.1.12 was modified by introducing 
another constant, R, to obtain equation for product concentration at any time as a function 
of the initial substrate concentration, S o b p a , and the conversion factor, R, as follows:
P = R x S 0 BPA( l - e k lt) (5.1.13)
5.2.4 Empirical Model for Oxygen Consumption
Based on experimental results of this study, it has been observed that the amount 
of oxygen consumed during the reaction is stoichiometrically related to the amount of 
bisphenol A converted and can be written as:
[Oa] remaining [0 2] o - [ 0 2] consumed (5.1.14)
[0 2] remaining [0 2] o - 1 /a  [Sbpa] consumed (5.1.15)
[Oa] remaining [0 2] o - 1 /a  [Sbpa o- Sbpa remaining ] (5-1.16)
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where a  is the stoichiometric coefficient representing the moles of substrate oxidized per 
mole of oxygen, and [O2] 0 is initial dissolved oxygen concentration.
5.2.5 Model assumptions
Based on the above discussions, a model was developed with the following 
assumptions:
• Bisphenol A and oxygen are converted to polymers and water, respectively, with the 
catalysis by laccase; the conversion of bisphenol A obeys the Ping-Pong Bi-Bi 
mechanism.
• Inactivation of laccase by products was negligible in the presence of PEG.
• Consumption of oxygen is directly proportional to that of bisphenol A. The 
coefficient of proportionality takes the value of the observed reaction molar ratio 
between oxygen and bisphenol A. The concentration of free radicals can be modeled 
at a pseudo-steady-state.
According to these assumptions, the reaction can be considered as a two-substrate 
enzymatic reaction which obeys the Michaelis-Menten equation. Bisphenol A and oxygen 
act as substrates for the enzyme. One mole of bisphenol A needs a  moles of oxygen to 
complete the polymerization, where a  is the molar ratio between oxygen and bisphenol 
A. The initial products of enzymatic reaction are water and phenoxyl radicals. The final 
products of the polymerization are the polymers precipitated with PEG where present. 
Extra PEG remains in the solution as discussed in Section 4.1.4. Laccase is inactivated as 
a catalyst by the products.
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5.2.6 Overall Kinetics o f  the Model
The pseudo-steady-state model is comprised of several equations: Equation 5.1.7 
for bisphenol A consumption and Equation 5.1.8 for enzyme inactivation expression, 
Equation 5.1.13 for product formation, and Equation 5.1.16 for a stoichiometric 
relationship. In order to determine the concentrations [O2], [S], and E;n over time, these 
equations must be solved simultaneously with known initial conditions as [O2]o, [S]o, and 
E0.
5.2.6.1 Ratio o f bisphenol A to oxygen consumption (a)
First the stoichiometric coefficient, a, in Equation 5.1.4 was determined. 
Previous studies with laccase showed that the stoichiometric coefficient may depend on 
the type of substrate(s), types of reactions that occur, the mechanism of interactions 
between substrate, laccase, and other reaction products, and additives in the reaction 
mixture (Aktas et al., 2000; Kulys et al, 2003; Potthast et al., 2001). Therefore, the 
stoichiometric coefficient for laccase catalyzing the oxidation of bisphenol A by oxygen 
was evaluated experimentally.
The stoichiometric coefficient, a , was obtained by evaluating the quantity of 
bisphenol A transformed and the oxygen consumed during the first 2 minutes of reaction 
and plotting the data, obtained without PEG in Figure 5.1.5 and with PEG in Figure 5.1.6. 
The slope is equal to the stoichiometric coefficient, a.
According to Equation 5.1.3 it was understood that oxygen needs 4 electrons in 
order to convert to water. Therefore, the theoretical stoichiometric coefficient = 2, 
corresponds to 4 phenolic groups per oxygen. Both experimental and theoretical lines 
have been drawn through the data in Figures 5.1.5 and 5.1.6.
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The slope of the line of best fit in Figure 5.1.5 produced an observed 
stoichiometric coefficient, a , of 1.89 ± 0.028 with a coefficient of determination, R2, of 
0.96 in the absence of PEG whereas the slope of the line in the presence of PEG produced 
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Figure 5.1.5: Correlation Between bisphenol A consumption and oxygen consumption.
Conditions: 0.1- 0.5 mM BPA in 8 mL batch sealed reactor, buffered at pH 5.6 with 0.02 
M acetate buffer after 2 minute enzyme treatment with laccase concentration of 0.001 
U/mL. Initial oxygen concentration was at saturation level. 1 mM 02=32 mg/L, 1 mM 
BPA=228.29 mg/L.
  bisphenol A: oxygen =1.89, R2= 0.96 ------ theoretical bisphenol A:oxygen = 2
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Figure 5.1.6: Correlation Between bisphenol A consumption and oxygen consumption.
Condition: 0.1 - 0.5 mM BPA in 8 mL batch sealed reactor, buffered at pH 5.6 with 0.02 
M acetate buffer after 2 minute enzyme treatment with laccase concentration of 0.001 
U/mL. Oxygen concentration was at saturation level and PEG concentration was 75 
mg/L.
1 mM 02=32 mg/L, 1 mM BPA=228.29 mg/L.
  bisphenol A: oxygen = 1.93, R2 = 0.99  theoretical bisphenol A: oxygen = 2
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Although by using the reaction time of 2 minutes the effect of products 
(precipitate) on the performance of electrode was reduced, but it was not completely 
eliminated. This may have caused the observed value of a  to be slightly lower than the 
theoretical value for the stoichiometric coefficient of 2.0. Therefore, theoretical value for 
a  was used in all subsequent kinetic modeling of the laccase-bisphenol A-oxygen system. 
Since larger polymer precipitate formation also consumes oxygen, the proximity of the 
lines corresponding to a  values to 2.0 in both figures imply that, during the first 2 
minutes, of reaction formation of larger polymer precipitate relative to dimers was low in 
these reacting systems.
5.2.6.2 Inhibition effect of substrate bisphenol A
Although the inhibition effect of oxygen at concentrations above 6 mg/L has 
been observed during the study of Michaelis-Menten kinetic constants, such effect was 
not detected for bisphenol A as per the following results. All experiments were carried 
out in the presence of saturated oxygen in 200 mL open reactors in order to avoid the 
effect of oxygen concentration and its availability through the experiment. As the reactors 
were open to the atmosphere, laccase was saturated with oxygen through the entire 
experiment and therefore, the reaction rates were not affected by its concentration. 
Laccase was provided at fixed concentration of O.OOlU/mL. The progress curves of 
percent bisphenol A remaining for various substrate concentrations, 0.2, 0.5, 1.0, 2.0, 3.0 
and 4.0 mM bisphenol A, with and without PEG, were determined at pH 5.6 over 4 hours.
Each experiment was conducted in triplicate to confirm the consistency of the 
results. The results are shown in Figures 5.1.7 and 5.1.8. Error bars were small and the
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data points overlapped with the error bars and they can not be seen in these figures. The 
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Figure 5.1.7: Progress-curves of Bisphenol A Remaining in Reaction with Laccase (SP- 
504).
Conditions: 0.2 - 4.0 mM BPA in 200 mL batch reactors, buffered at pH 5.6 with 0.02 M 
acetate buffer with laccase concentration of 0.001 U/mL in the absence of PEG.
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Figure 5.1.8: Progress-curves of Bisphenol-A Remaining with Laccase (SP-504). 
Conditions: 0.2 - 4.0 mM BPA in 200 mL batch reactors, buffered at pH 5.6 with 0.02 M 
acetate buffer with laccase concentration of 0.001 U/mL in the presence of 75 mg/L PEG.
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It has been reported earlier in Section 4.1.2 that the lowest concentration to 
which aromatic substrates could be removed from the solution was found to be 
independent of the starting concentration when the reaction was provided sufficient 
enzyme and time to go to completion. It is noted that, 0.001 U/mL laccase concentration 
was sufficient for 0.5 mM BPA and any concentration below that, in the presence of PEG 
to achieve more than 95% removal. For 0.2 mM BPA, more that 95 % of BPA was 
removed during the first 20 minutes of reaction (Figure 5.1.8). During the same reaction 
time, the removal of 0.5 mM BPA was around 87%. After 3 hours of reaction, the 
removal of over 95% was achieved for both concentrations. The colorometric test showed 
that the peak absorbance of a solution decreased to a residual level which could not be 
reduced any further. This may be attributed to the formation of reaction products which 
were slightly soluble in water but were not substrates to the enzyme. These products still 
absorbed light at the same wavelength as the parent aromatic substrate and interfered with 
the spectrophotometric measurement of the residual amount of the substrate. Therefore, 
the removal efficiencies determined by the spectrophotometric method were in reality the 
measurements of the reduction in absorbance at a peak wavelength and thus were the 
conservative estimates of substrate conversion. As bisphenol A removal efficiency during 
the third and fourth hours of reaction was almost the same, the reaction time of 3 hours 
was considered to be appropriate for the rest of the experiments. It is further observed that 
the conversion of bisphenol A was not complete when there was not sufficient enzyme 
present in the reaction mixture. Also the reaction time required for the complete removal 
of bisphenol A was less when excess enzyme was added in the reaction.
Addition of PEG increased the rate of reaction significantly. For example, the 
reduction rate of 0.5 mM BPA concentration in the presence of PEG was 20 % higher
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(Figure 5.1.8) than in its absence (Figure 5.1.7). No precipitate was observed during 
laccase-mediated conversion of bisphenol A within the first 30 minutes in the absence of 
PEG; however, in the presence of PEG the formation of precipitate occurred in less than 5 
minutes after the start of reaction.
The inhibition effect of bisphenol A on enzymatic reaction was tested by plotting 
in Figure 5.1.9, the percent substrate removal, after the reaction time of 3 hours, for 
different substrate concentrations with an enzyme concentration of O.OOlU/mL in the 
absence and presence of PEG. The data have been extracted from progress curves of BPA 
shown in Figures 5.1.7 and 5.1.8.
With an increase in initial substrate concentration, there was a linear reduction in 
percent substrate removal at all concentrations tested. Thus in both cases, no inhibition 
due to bisphenol A concentration was observed.
5.2.6.3 Oxygen Consumption
Sealed reactors of 8 mL were used to observe the behavior of oxygen removal. 
BPA concentrations were from 0.1 to 0.5 mM BPA. Laccase was provided at fixed 
concentration of O.OOlU/mL. The progress curves of percent oxygen consumption with 
initial oxygen concentration of 0.26 mM, with and without PEG, were determined at pH 
of 5.6 over 4 hours. Each experiment was made in triplicate and the average of the results 
is shown in Figure 5.1.10. The effect of PEG was visibly significant at higher BPA 
concentrations of 0.4 and 0.5 mM. The consumption of oxygen in presence of PEG was 
40 % higher but the rate of reaction in both cases was almost the same.
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Figure 5.1.9: Percent Substrate Removal of Bisphenol A Catalyzed by Laccase (SP- 
504).
Condition: 0.2 - 4.0 mM BPA in 200 mL batch reactor, buffered at pH 5.6 with 0.02 M 
acetate buffer after 3 hour enzyme treatment with laccase concentration of 0.001 U/mL 
and PEG concentration of 75 mg/L where appropriate.
— Wi t hout  PEG  A—  With PEG
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Figure 5.1.10: Oxygen consumption during BPA reaction in the absence and presence 
of PEG with laccase (SP-504).
Condition: 0.1 - 0.5 mM BPA, ~ 0.25 mM oxygen in batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL. 
(Without PEG (a), with 75 mg/L PEG (b):
■ 0.1 mM BPA 9  0.2 mM BPA ±  0.3 mM BPA
♦  0.4 mM BPA ▼ 0.5 mM BPA
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The higher oxygen consumption in the presence of PEG can be due to higher removal 
efficiency of bisphenol A in the presence of PEG and the possibility of the formation of 
higher molecular mass polymers resulting in higher oxygen consumption. The latter part 
needs further investigation in detail through identification of products.
Laccase inactivation during polymerization was studied in the presence and 
absence of PEG in two different sets of experiments.
In the first set, Figure 5.1.11, laccase inactivation during polymerization was 
studied without PEG. The soluble activity was determined in the sample filtered through a 
0.2 pm membrane filter and it was compared with the bisphenol A removal during the 
time course of reaction. Relatively slow activity loss during the initial two hours of 
reaction was followed by a rapid decay in enzyme activity. This is attributed to the effect 
of polymers formed and maturity of precipitate during oxidation of bisphenol A. The 
inactivation constant (ki„) was calculated by using empirical Equation 5 .1.8.
where [P] and [E] are concentrations of product (being treated as monomer equivalents) 
and the active enzyme respectively.
The change of product concentration during the time course of reaction, a linear 
relationship between the product formed and the substrate consumed, as stated in 
Equation 5.1.13 was used.
5.2.6.4 Laccase inactivation
(5.1.8)
P = R x S <,BpA( l - e kl ') (5.1.13)
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Figure 5.1.11: Inactivation of laccase during polymerization of BPA in absence
of PEG. Activities were determined with filtered samples at various times.
Conditions: 0.5 mM BPA in batch reactors, buffered at pH 5.6 with 0.02 M acetate buffer 
during treatment with laccase at an initial concentration of 0.001 U/mL = 1 mU/mL.
—■—  Bisphenol A concentration remaining (%)
— 9 —Activity remaining in filtered sample (U/mL)
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where [So], R and ki are the initial substrate concentration, the conversion factor 
and the first-order rate constant for the disappearance of substrate [S] respectively.
Through fitting the nonlinear curve to the plotted experimental data of Figures
5.1.7 and 5.1.8, the first-order rate constant ki was found to be 0.041 s'1, in the absence of 
PEG and 0.042 s'1; in the presence of it.
The value of P in Equation 5.1.13 was substituted in the product model given in 
the “model development” section, and integrated over the time course of reaction as 
follows:
dE
^  = ~ k JP ]d t (5.1.17)
[E]
l ^ = - k« I [ pidt <5118>
i  IE1 ,-»
r dE t=r n*
= jR x S 0( l - e kl*)dt (5.1.19)
Eo «■ J t=0
By considering R as the overall reaction conversion factor, the integration was 
carried out as follows:
(5.1.20)
i  [E] ,:0
Substituting the value of ki,R and S0, for 0.5 mM BPA concentration yields:
In — = - k ^  x 0.72 x 0.5 x ( t - 2 .4 e 00416t) (5.1.21)
[E0]
Figure 5.1.12 shows the linear plot between the two variables to obtain the value 
of (kin) as 0.0947 mM^.min'1. It should be noted that the data used to define the (k,n) was
t=t
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limited to the reaction period where the inactivation became dominant which was the last 
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Figure 5.1.12: Activity of laccase during polymerization of BPA in presence of PEG. 
Activities were determined with filtered samples at various times.
Conditions: 0.5 mM BPA in batch reactor, buffered at pH 5.6 with 0.02 M acetate buffer 
during treatment with laccase at an initial concentration of 1 mU/mL and PEG 
concentration of 75 mg/L.
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In the presence of PEG, there was an increase in activity during the first 20 
minutes of the reaction as shown in Figure 5.1.13, and then laccase dropped to its initial 
activity and remained at that level throughout the reaction time of 3 hours.
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Figure 5.1.13: Activity of laccase during polymerization of BPA in presence of PEG. 
Activities were determined with filtered samples at various times.
Conditions: 0.5 mM BPA in batch reactor, buffered at pH 5.6 with 0.02 M acetate buffer 
during treatment with laccase at an initial concentration of 1 mU/mL and PEG 
concentration of 75 mg/L.
—■—  Bisphenol-A concentration remaining (%)
Remaining activity in filtered sample (U/mL)
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This suggests that the inactivation mechanism was not the same in presence and 
absence of PEG. An increase in activity during the first 20 minutes of reaction was 
checked by studying the effect of PEG on the activity test. Various concentrations of PEG 
(2.5-40 mg/L in cuvette) were added to the activity assay solution before the addition of 
any laccase. The control sample in this case was a standard activity test sample which 
showed no effect of PEG on activity. It is postulated that the increase in activity of 
laccase seen in Figure 5.1.13 was due to the increase in oxygen consumption and the 
resulting increase in oxygen initial velocity, whereas protection against inactivation 
during the time course of reaction was due to the possible sacrificial effect of PEG.
5.2.6.5 Model Solution and Calibration
In order to test the reliability of the pseudo-steady-state two-substrate Michaelis- 
Menten model, it was necessary to (1) compare the calibration constants of this model 
with those arising from the single-substrate Michaelis-Menten model and (2) to assess the 
ability of the model to accurately predict substrate conversion over time. No analytical 
solution exists to the system of differential equations which constitute the model. 
Therefore, a fourth-order Runge-Kutta numerical method was used for the simultaneous 
solution of the non-linear first-order ordinary differential and explicit equations. The 
essential code of the computer program written for this purpose may be found in 
Appendix F.
Bisphenol A measurements from ten of the twenty batch reactor experiments were 
selected for calibration purposes. The initial bisphenol A concentration covered the range 
of 0.1 to 0.5 mM. The objective of the calibration procedure was to determine the three 
constants involved in the differential equations, i.e. Vmax(bis), Km(biS), Km(0 2 )- The values for
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Vmax(bis), Km(bis), Km(0 2 ) were determined previously from the experiments of initial 
velocity studies in Sections 5.1.1.2 and 5.1.1.3 and were used as initial guess values. The 
values of these constants in the absence of PEG were Vmax(bis) = 0.013±0.001 (mM.min' 
'), Km(bis)= 0.186±0.043 (mM), Km(0 2 ) = 0.093±0.031 (mM), and in the presence of PEG 
were 0.047±0.002 (mM.min1), 0.57±0.073 (mM) and 0.066±0.024 (mM), respectively.
Parameter estimation was accomplished by using Matlab software. This software 
requires the user to define the system to be optimized and an objective function to be 
maximized or minimized. In the present case, this involved writing a computational 
procedure to solve the model equations which was then linked to the software code. The 
objective function to be minimized in this case was defined to be the sum of the squares 
of the differences between modeled and experimentally obtained bisphenol A 
concentrations. This error function may be expressed as:
n m j ^
Error = £ £ t A H 2]u  - [ A H 2]iJmoJ  (5.1.22)
1=1 j=i
in which n represents the number of calibration data sets; mj represents the 
number of observations in the ith data set; and [AHaJij and [AEkJij model are experimental 
and modeled bisphenol A concentrations, respectively. The variable [AEkjij model was 
evaluated in a procedure which used a fourth-order Runge-Kutta algorithm to solve the 
model equations for the of initial conditions of a given batch reactor data set. The values 
of the time dependent bisphenol A concentrations which corresponded to sampling times 
of the given data set were compared to the experimentally obtained bisphenol A 
concentrations, and the square of the differences was added to the objective (or error) 
function. When this procedure had been completed for each of the data sets, control was
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passed back to software package. The code program used in this evaluation is contained 
in Appendix F.
The kinetic parameters calculated through calibration part were used to assess the 
model’s ability to reproduce the bisphenol A removals observed during the remaining 
batch reactor experiments.
The fit of the model to ten batch reactor data sets is shown in Figures 5 .1.14 to 
5.1.23. The sum of the square of the residuals, defined as the objective function and given 
by Equation 5.1.22 is indicated at the bottom portion of Table 5.1.2. The remaining data 
sets were used to validate the model. The ability of the model to predict the time 
dependent bisphenol A removals observed in the validation data sets using estimated 
kinetic constants is shown in Figures 5.1.24 to 5.1.33.
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Figure 5.1.14: Model calibration for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.10 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.10 mM BPA concentration (experimental)
$  0.25 mM oxygen concentration (experimental)
—• —  0.10 mM BPA product formation (experimental)
 0.10 mM BPA concentration (model)
 0.25 mM oxygen consumption (model)
  0.10 mM BPA product formation (model)
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Figure 5.1.15: Model calibration for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.20 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.20 mM BPA consumption (experimental)
$  0.25 mM oxygen consumption (experimental)
f  0.20 mM BPA product formation (experimental)
  0.20 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.20 mM BPA product formation (model)
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Figure 5.1.16: Model calibration for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.30 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.30 mM BPA consumption (experimental)
A  0.25 mM oxygen consumption (experimental) 
f  0.30 mM BPA product formation (experimental)
  0.30 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.30 mM BPA product formation (model)
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Figure 5.1.17: Model calibration for BPA reaction in absence of PEG with laccase
(SP-504).
Condition: 0.40 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.40 mM BPA consumption (experimental)
^  0.25 mM oxygen consumption (experimental)
f  0.40 mM BPA product formation (experimental)
  0.40 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.40 mM BPA product formation (model)
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Figure 5.1.18: Model calibration for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.50 mM BPA, -0 .25  mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.5 mM BPA consumption (experimental)
A  0.25 mM oxygen consumption (experimental)
9  0.50 mM BPA product formation (experimental)
  0.50 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.50 mM BPA product formation (model)
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Figure 5.1.19: Model calibration for BPA reaction in the presence of 75 mg/L PEG
with laccase (SP-504).
Condition: 0.10 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.10 mM BPA consumption (experimental)
A  0.25 mM oxygen consumption (experimental)
f  0.10 mM BPA product formation (experimental)
  0.10 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.10 mM BPA product formation (model)
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Figure 5.1.20: Model calibration for BPA reaction in the presence of 75 mg/L PEG
with laccase (SP-504).
Condition: 0.20 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.20 mM BPA consumption (experimental)
A  0.25 mM oxygen consumption (experimental)
f  0.20 mM BPA product formation (experimental)
 0.20 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.20 mM BPA product formation (model)
126
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
U.UU -|------- 1------- 1------- 1------- 1------- 1------- 1-------1------- 1------- 1------- 1------- 1
0 50 100 150 200 250
Reaction time (min)
Figure 5.1.21: Model calibration for BPA reaction in the presence of 75 mg/L PEG
with laccase (SP-504).
Condition: 0.30 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.30 mM BPA consumption (experimental)
^  0.25 mM oxygen consumption (experimental)
f  0.30 mM BPA product formation (experimental)
  0.30 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.30 mM BPA product formation (model)
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Figure 5.1.22: Model calibration for BPA reaction in the presence of 75 mg/L PEG
with laccase (SP-504).
Condition: 0.40 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.40 mM BPA consumption (experimental)
A 0.25 mM oxygen consumption (experimental)
9  0.40 mM BPA product formation (experimental)
  0.40 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.40 mM BPA product formation (model)
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Figure 5.1.23: Model calibration for BPA reaction in the presence of 75 mg/L PEG
with laccase (SP-504).
Condition: 0.50 mM BPA, ~ 0.25 mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 II/mT,
■ 0.50 mM BPA consumption (experimental)
A  0.25 mM oxygen consumption (experimental)
9  0.50 mM BPA product formation (experimental)
  0.50 mM BPA consumption (model)
 0.25 mM oxygen consumption (model)
  0.50 mM BPA product formation (model)
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Laccase concentration 0.001 U/mL
Bisphenol A  
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PEG
Bisphenol A in 
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Oxygen in 




0.013±0.001 0.047±0.002 0.013±0.002 0.013±0.002
(IPP Vmax
(mM.miri1)




0.185±0.043 0.573±0.073 0.093±0.031 0.066±0.024
appKm
(mM)
0.184±0.080 0.590±0.043 0.096±0.031 0.069±0.024
a
(dimensionless)
— — 1.89 - 1.93
hi 0.041 0.042 ——— “““
Error -2.5x70°
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Figure 5.1.24: Model validation for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.100 mM BPA, ~ 0.188 mM oxygen in sealed batch reactors, buffered at pH 
5 . 6  with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.100 mM BPA consumption (experimental)
$  0.188 mM oxygen consumption (experimental)
9  0.100 mM BPA product formation (experimental)
 0.100 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.100 mM BPA product formation (model)
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Figure 5.1.25: Model validation for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.200 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction, laccase at 0.001 U/mL.
■ 0.200 mM BPA consumption (experimental)
$  0.188 mM oxygen consumption (experimental)
f  0.200 mM BPA product formation (experimental)
  0.200 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.200 mM BPA product formation (model)
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Figure 5.1.26: Model validation for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.300 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.300 mM BPA consumption (experimental)
A 0.188 mM oxygen consumption (experimental)
f  0.300 mM BPA product formation (experimental)
  0.300 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.300 mM BPA product formation (model)
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Figure 5.1.27: Model validation for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.400 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.400 mM BPA consumption (experimental)
A  0.188 mM oxygen consumption (experimental)
9  0.400 mM BPA product formation (experimental)
  0.400 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.400 mM BPA product formation (model)
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Figure 5.1.28: Model validation for BPA reaction in the absence of PEG with laccase
(SP-504).
Condition: 0.500 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.500 mM BPA consumption (experimental)
^  0.188 mM oxygen consumption (experimental)
f  0.500 mM BPA product formation (experimental)
  0.500 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.500 mM BPA product formation (model)
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Figure 5.1.29: Model validation for BPA reaction in the presence of 75 mg/L PEG
with laccase SP-504.
Condition: 0.100 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.100 mM BPA consumption (experimental)
$  0.188 mM oxygen consumption (experimental)
9  0.100 mM BPA product formation (experimental)
 0.100 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.100 mM BPA product formation (model)
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Figure 5.1.30: Model validation for BPA reaction in the presence of 75 mg/L PEG
with laccase SP-504.
Condition: 0.200 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.200 mM BPA consumption (experimental)
$  0.188 mM oxygen consumption (experimental)
9  0.200 mM BPA product formation (experimental)
  0.200 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.200 mM BPA product formation (model)
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Figure 5.1.31: Model validation for BPA reaction in the presence of 75 mg/L PEG
with laccase SP-504.
Condition: 0.300 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.300 mM BPA consumption (experimental)
A 0.188 mM oxygen consumption (experimental)
9  0.300 mM BPA product formation (experimental)
  0.300 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.300 mM BPA product formation (model)
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Figure 5.1.32: Model validation for BPA reaction in the presence of 75 mg/L PEG
with laccase SP-504.
Condition: 0.400 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.400 mM BPA consumption (experimental)
A 0.188 mM oxygen consumption (experimental)
f  0.400 mM BPA product formation (experimental)
  0.400 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.400 mM BPA product formation (model)
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Figure 5.1.33: Model validation for BPA reaction in the presence of 75 mg/L PEG
with laccase SP-504.
Condition: 0.500 mM BPA, -0 .188  mM oxygen in sealed batch reactors, buffered at pH
5.6 with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 0.500 mM BPA consumption (experimental)
A 0.188 mM oxygen consumption (experimental)
£  0.500 mM BPA product formation (experimental)
  0.500 mM BPA consumption (model)
 0.188 mM oxygen consumption (model)
  0.500 mM BPA product formation (model)
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The model was able to predict the time-dependent removal of BPA reasonably 
well under different reaction conditions.
It was found that when the enzyme concentration was optimum and the 
conversion of BPA was near completion, the predicted values of model satisfied the 
actual experimental data. This is the case for 0.2 mM BPA and less in absence of PEG 
and 0.5 mM BPA and less in presence of PEG. However, as the model assumption is 
based on considering R (conversion factor) as a constant through the entire experiment, 
the model shows slight deviation from experimental results during the first 30 minutes of 
reaction when the conversion was fairly quick. Considering R through the modeling is 
essential especially if the reaction has to stop at early stages or it was not near completion 
due to using enzyme concentrations below the optimum concentration. The model was 
able to predict the behavior of oxygen consumption with a reasonable accuracy. However, 
in the presence of PEG and high BPA concentration of 0.5 mM, accumulation of 
precipitate, especially after 120 minutes of reaction, may have caused some error in the 
reading of the probe.
Between two different concentrations of oxygen, 0.25 and 0.188 mM, 0.25 mM 
oxygen had shown inhibition effect during Michaelis-Menten studies (Figure 5.1.4). 
Comparison of the model results showed that at an initial ratio of BPA to oxygen of 
above 2.0, in the absence and presence of PEG predicted values showed deviation from 
experimental results during the entire reaction time. This can be considered as a result of 
oxygen inhibition effect. For ratios below 2.0, although initially for first 20 minutes 
model showed some deviation but the results became closer through the entire experiment 
especially when PEG was present. This was due to the fact that oxygen consumption was
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higher in presence of PEG for all BPA concentrations. Since only two oxygen 
concentrations were used in this study, it is recommended to conduct further research by 
varying BPA and oxygen concentrations to confirm this observation.
5.2.7  Model Verification by Random Experimental Data
In order to confirm the prediction of the model under different conditions, 
several random experiments, were chosen and the results were compared with the model 
response. Certain experimental data shown in Figures 5.1.7 and 5.1.8 for BPA 
concentrations from 1 to 4 mM, was randomly selected to further verify the model. The 
test conditions of these data are given in Table 5.1.3 and were different than the 
conditions used in the calibration of the model.
Table 5.1.3: Test conditions for calibration, validation and verification of the two 
substrate kinetic model
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Figure 5.1.34: Comparoson between model output and experimental results for 1 mM
BPA in the absence of PEG with laccase SP-504.
Condition: 1 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 1 mM BPA product formation (experimental)
  1 mM BPA product formation (model)
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Figure 5.1.35: Comparoson between model output and experimental results for 2 mM
BPA in the absence of PEG with laccase SP-504.
Condition: 2 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 2 mM BPA product formation (experimental)
  2 mM BPA product formation (model)
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Figure 5.1.36: Comparoson between model output and experimental results for 3 mM
BPA in the absence of PEG with laccase SP-504.
Condition: 3 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0 .001 U/mL.
■ 3 mM BPA product formation (experimental)
  3 mM BPA product formation (model)
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Figure 5.1.37: Comparoson between model output and experimental results for 4 mM
BPA in the absence of PEG with laccase SP-504.
Condition: 4 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 4 mM BPA product formation (experimental)
  4 mM BPA product formation (model)
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Figure 5.1.38: Comparoson between model output and experimental results for 1 mM
BPA in the presence of 75 mg/L PEG with laccase SP-504.
Condition: 1 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 1 mM BPA product formation (experimental)
  1 mM BPA product formation (model)
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Figure 5.1.39: Comparoson between model output and experimental results for 2 mM
BPA in the presence of 75 mg/L PEG with laccase SP-504.
Condition: 2 mM BPA, - 0 .2 5  mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 2 mM BPA product formation (experimental)
 2 mM BPA product formation (model)
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Figure 5.1.40: Comparoson between model output and experimental results for 3 mM
BPA in the presence of 75 mg/L PEG with laccase SP-504.
Condition: 3 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 3 mM BPA product formation (experimental)
 3 mM BPA product formation (model)
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Figure 5.1.41: Comparoson between model output and experimental results for 4 mM
BPA in the presence of 75 mg/L PEG with laccase SP-504.
Condition: 4 mM BPA, ~ 0.25 mM oxygen in open batch reactors, buffered at pH 5.6 
with 0.02 M acetate buffer during 4 hours of reaction with laccase at 0.001 U/mL.
■ 4 mM BPA product formation (experimental)
  4 mM BPA product formation (model)
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The results proved that model worked fairly reasonable under different initial 
conditions especially in absence of PEG. As explained earlier, at high concentrations, 
during initial 20 minutes of reaction model showed significant deviation from the 
experimental results. Further studies are recommended to improve on this model, 
particularly with the value of R under different test conditions.
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Degradation of BPA and other pollutants by enzymes, mainly peroxidases and 
more recently microbial laccase, has been extensively studied by many researchers 
(Tsutsumi et al., 2001; Huang and Weber, 2005; Modaressi et al., 2005; Gianfreda et al., 
2006). However, there have been few reports on the isolation and identification of the 
laccase reaction products, with the metabolic pathway of the pollutants remaining 
unsolved (Fukuda et al., 2001; Uchida et al., 2001 Fukuda et al., 2004).
The major concern with the enzyme technology is the nature and fate of reaction 
products. Through High Pressure Liquid Chromatography (HPLC), gas chromatography 
(GC)/mass spectrometry (MS), thin layer chromatography and nuclear magnetic 
resonance techniques, several researchers have been able to characterize the soluble by­
products of the enzymatic polymerization reaction using a number of different phenolic 
compounds (Yu et al., 1994; Fukuda et al., 2001; Uchida et al., 2001; Fukuda et al., 
2004; Huang and Weber, 2005).
The study described here focuses on a systematic investigation of transformation 
behaviors and mechanisms of bisphenol A conversion in oxidative coupling reaction 
systems mediated by laccase in the presence of oxygen, and PEG where appropriate. With 
the help of Cache molecular modeling the possible dimers, which are the first set of 
molecules to be formed, were defined and a number of reaction intermediates and
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
products were identified using a HPLC/MS technique, detailed reaction pathways were 
proposed.
The efficacy of the reaction at mM concentration levels is demonstrated using a 
sensitive analytical procedure involving solid-phase extraction and having a detection 
limit of 0.4 nM. The results suggest that catalyzed oxidative coupling reactions constitute 
an important transformation pathway for estrogenic phenolic compounds, one that has 
potential utility as a treatment technique for their removal.
6.2 Product Characterization
Samples used for product characterization were prepared by a reaction 
performed in a 250-mL flask reactor containing 200 mL of a buffered solution of 
bisphenol A with PEG3350 as an additive where appropriate, mixed continuously by a 
magnetic stir bar. The reaction was initiated with 0.5 mM BP A in the presence of laccase 
at 0.002 U/mL. Initial oxygen concentration was at the saturated state, 0.25 mM. Samples 
were taken after three hours and the reaction was stopped by addition of HC1 as per 
section 3.3.2.
The product mixture was filtered with 0.35 pm paper membrane filters to 
separate the solid and liquid phases. The solid residue retained on the membrane after 
filtration was rinsed with distilled water several times and was then blown dry under a 
gentle air stream.
A number of different solvents were tested for their ability to dissolve the 
insoluble products including alcohol, acetone, acetonitrile, toluene, benzene, chloroform 
dichloromethane, isopropanol and different combinations of these solvents; isopropanol 
and chloroform (1:1, v/v) showed the best result. Therefore the residue was scraped into a
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glass test tube, stirred vigorously with a mixture of chloroform and isopropanol (1:1, v/v) 
and left for the night, leading to the dissolution of about one third of the precipitates. 
Initial mass of 300 mg solid precipitate was used for the test, of which one third of the 
precipitate dissolved in solvent. This was followed by centrifugation for 30 minutes and 
by HPLC/MS characterization of the resulting supernatant. It is expected that the major 
products converted from BPA by laccase might be high molecular weight compounds.
A Quattromicro triple-quadrupole mass spectrometer (Micromass, Manchester, 
UK) coupled to a Waters 2695 (Waters Corporation, Milford, MA) HPLC system was 
used for all HPLC-ESI(-)-MS-MS analysis. The HPLC separation was described in 
section 3.3.1 in detail.
6.3 Possible Dimers
Formation of the dimers may provide valuable information on the preferred 
reaction pathways and, hence, the structure of the reaction products of higher molecular 
mass.
Enzymatic oxidation of BPA will occur at one of the OH groups and the 
unpaired electron may delocalize by resonance, as shown in Figure 6.1. Coupling of these 
radicals may occur at one of the OH groups or on the aromatic ring at positions ortho or 
para to the OH groups. As a result, there are ten possible dimers that may arise from the 
coupling of BPA radicals.
Figure 6.2 covers all the possible dimers of BPA enzymatic reaction through 
which BPA radicals initially will convert to dimers non-enzymatically, and then, through 
subsequent enzymatic and non-enzymatic cycles, these dimers will convert to higher 
molecular mass polymers.
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Figure 6.1: Resonance Contributors of the BPA Radical
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Reaction Between Radicals (c) and (c):
















Figure 6.2: Structures of Possible Dimers from Coupling of BPA radicals (Radical
Formation from One Side)
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Based on the above conjugation 10 possible dimers may be produced during the 
enzymatic reaction (Figure 6.2) but separation of this high number of dimers using HPLC 
would be very difficult. Moreover the standard samples of the mentioned dimers are not 
available and hence the comparison between the final products and standard can not be 
used to confirm the results. The computational chemistry software Cache can be used as a 
tool to help optimize the geometry and calculate the heat of formation for possible dimers 
and so define the stability of such dimers.
6.4 Energy of Formation
Cache software used to define the most stable dimers based on their heat of 
formation. The results are summarized in Table 6.1. Based on these results the order for 
which the dimeric reaction pathways that were thermodynamically favored were put in 
order from most to least stability order. Based on the results dimers from the coupling of 
two oxygen-centered radicals are least stable to form.
Table 6.1. Stability ranking of BPA dimeric products in presence and absence of PEG
Structure E Starting (Hartee)
E Starting 




(d) -1461.04635 -3835977 -1460.60876 -3834828 1148.89
not
possible
(e) -1461.04635 -3835977 -1459.22648 -3831199 4778.07
not
possible
(f) -1461.35048 -3836776 -1461.40996 -3836932 -156.16 8
(g) -1461.25048 -3836513 -1461.40006 -3836906 -392.72 7
(h) -1461.25048 -3836513 -1461.60176 -3837435 -922.29 3
(i) -1461.23048 -3836461 -1461.48176 -3837120 -659.74 5
(i) -1461.23028 -3836460 -1461.49176 -3837147 -686.52 4
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Structure E Starting (Hartee)
E Starting 




CO -1461.23028 -3836460 -1461.62176 -3837488 -1027.8 1
(1) -1461.22818 -3836455 -1461.47876 -3837112 -657.9 6
(m) -1461.22818 -3836455 -1461.60876 -3837454 -999.21 2
6.5 Separation of Products
The HPLC-MS of the BPA insoluble products are shown in Figures 6.3 and 6.4. 
HPLC-MS conditions were as described in Section 3.3.1 leading the retention time of 
8.56 minutes for standard BPA samples. Although the dried products that have been 
formed in the presence and absence of PEG showed slightly different color, so far there 
has been no evidence to confirm that the products have been formed during the enzymatic 
reaction in the presence and absence of PEG are different (Yu et al., 1994). To confirm 
this hypothesis the HPLC-MS spectrum of the insoluble BPA product, in the presence and 
absence of PEG, after dissolution in the mixture of isopropanol and chloroform (1:1, v/v) 
were compared. As shown in Figures 6.3 and 6.4 the HPLC-MS results became fairly 
close and are nearly identical.
BPA has a tendency to adsorb on precipitates as described in section 2.1, leading 
to the possibility of detecting this chemical along with its higher molecular mass 
oligomers. In both cases BPA with retention time of 8.56 minutes was not evident in any 
detectable peaks in Figures 6.3 and 6.4, confirming the high conversion of BPA.
In both cases one of the major compounds showed m/z of 133 (M ), leading to its 
identification as 4-isopropenylphenol (Figure 6.5). This compound showed an HPLC 
retention time of 4.55 minutes. Many species were identified by HPLC/MS, among them
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isopropenylphenol is the only one having a molecular weight less than BPA. This finding 
confirms the findings of Fukuda et al. (2001).
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Figure 6.4: LC-Mass Spectrum of the BPA Polymeric Products in Presence of PEG as
Total Ion Current.
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Figure 6.5: HPLC-MS signals of one of the reaction products and its identification as
4-isopropenylphenol (upper right) with an HPLC retention time of 4.55 minutes.
It is postulated that 4-isopropenylphenol can be produced by BPA breakdown, 
which would have yielded equimolar amounts of phenol, or generated through concerted 
elimination during a coupling process.
The possible pathway for such a product can be defined through the reaction of 
radicals (a) and (c) which led to product (f) of Figure 6.2, which then through elimination 
and deprotonation will produce of 4-isopropenylphenol as shown in Figure 6.6:
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CH,
Figure 6.6: Pathway to produce 4-isopropenylphenol
As shown in Figure 6.6, such coupling and subsequent elimination process yields 
species with a molecular weight (MW) of 320 and a 2-(4-hydroxyphenyl)-propyl 
carbocation. Detection of the compounds showed m/z of 319 (M'), as per Figure 6.7, 
confirmed the presented pathway. Such compound showed an HPLC retention time 17.61 
minutes.
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Figure 6.7: HPLC-MS signal of the reaction product with molecular weight of 320
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Figure 6.8: HPLC-MS signal of the reaction product with molecular weight of 268
with an HPLC retention time of 11.89 minutes.
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Another compounds showed m/z of 267 (M-), with an HPLC retention time of 
11.89 minutes that can be explained as per Figures 6.8 and 6.9.
Figure 6.9: Pathway to produce species with MW=268
It is known that carbocation intermediates, like the one yielded in Figure 6.6, 
undergo a series of substitution or elimination reactions. For example, as indicated in 
Figure 6.9 the cationic intermediate yielded in Figure 6.6, 2-(4-hydroxyphenyl)-propyl 
cation, can react with the 4-isopropenylphenol through proton substitution, to yield 
species with the molecular weight (MW) of 268.
4-isopropenylphenol (MW=134) MW=268
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Figure 6.10: HPLC-MS signals of two of the reaction product with molecular weight of 
454 with an HPLC retention time of 38.72 minutes.
Detection of the compound showing m/z of 453 (M'), with HPLC retention time 
of 38.72 minutes as per Figure 6.10 can be considered a BPA dimer with molecular 
weight of 454 and detection of the compound showing m/z of 679 (M-), with HPLC 
retention time of 47.04 minutes, as per Figure 6.11 can be considered a BPA trimer with 
molecular weight of 680. These findings confirm those of Huang and Weber (2005).
Formation of multiple species of BPA dimers and trimers confirms that parallel 
reaction pathways have occurred, for example, free-radical coupling at different positions.
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Figure 6.11: HPLC-MS signals of two of the reaction products with molecular weight 
of 680 and an HPLC retention time of 47.04 minutes.
6.6 Conclusions
BPA was converted to two kinds of compounds: primarily high molecular 
weight compounds, plus one low molecular weight compound. Finding dimers and 
trimers confirms a free-radical coupling and an additional cycle of dimer reaction with the 
enzyme followed by non-enzymic coupling.
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The comparison between the products formed in the presence and absence of 
PEG confirmed that the products are similar and hence, the mechanism of reaction, for 
both situations, is the same. This finding confirms the previous finding in chapter 5 
implying PEG acts as a sacrificial polymer and there is no specific chemical binding 
between PEG and oligomers of BPA. It is important to mention that all precipitated 
product formed during the enzymatic reaction was not soluble in the solution of 
chloroform and isopropanol the analysis reported here being performed on about one- 
third of the total. Thus, the defined species mentioned undoubtedly do not cover all the 
possible species.
Computational studies revealed that the dimers with higher stability are the ones which 
result from the coupling of carbon-centered radicals. The dimers from the coupling of two 
oxygen-centered radicals are least stable to form.
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CHAPTER 7
CONCLUSIONS
Based on the batch experiments conducted, with and without PEG as additive 
under different operating conditions, the following conclusions are drawn:
7.1 Process Optimization
All experiments were designed to achieve a removal of at least 95% of the initial 
bisphenol A concentration. The reaction parameters, which were optimized, were pH, 
laccase concentration, and PEG concentration.
7.1.1 The optimum pH for bisphenol A removal by laccase both in the absence 
and presence of PEG is in the range of 5.6-5.7. Addition of PEG increases 
the enzyme’s tolerance in the acidic pH range below the optimum.
7.1.2 Minimum laccase concentrations required for more than 95% removal of 
BPA in concentrations ranging from 0.1 to 1 mM, followed a linear 
relationship:
y = 0.0109x -  0.1 x 10“3 (with no PEG)
y = 0.002 lx -1 .2  x 10"5 (with PEG)
in which, x = initial BPA concentration (mM) and y = optimum laccase 
concentration (U/mL).
Thus under similar conditions of pH and temperature, the optimum laccase 
concentration in the presence of PEG was 5-fold less than that required when 
PEG was not present.
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7.1.3 In the absence of PEG, laccase, whether in solution or on the precipitate, 
was inactivated by the polymers formed during the reaction. In the presence 
of PEG, the active enzyme remained in the solution.
7.1.4 The minimum effective PEG to BPA ratio was 150 mg (PEG) per liter for 
each mM BPA.
7.1.5 Addition of PEG at the minimum effective concentration did not affect the 
TOC of the effluent confirming the removal of the PEG, accompanied the 
bisphenol A removal. Thus, PEG acts like a sacrificial polymer and attaches 
to phenolic polymers as they are formed.
7.1.6 Excess PEG remained almost completely in solution after the reaction was 
completed. Therefore, an environmental assessment of the impact of PEG in 
the effluent must be conducted prior to using PEG.
7.1.7 Addition of alum improved the settling characteristics of the precipitates 
during BPA removal. Addition of alum to the batch reactors following 
enzymatic reaction, in the range of 25-200 mg/L of alum (as “A ^ S O ^ ”) 
showed an increase of 22-70 % of clear liquid volume after 3 .0 hours of 
settling time. Similar observations in the presence of PEG showed 34 -90 % 
of clear liquid volume.
7.1.8 Addition of alum decreased the pH. Addition of 50 mg/L lime (as CaO) to 
the batch reactors, containing 100-150 mg/L alum, reduced the settling time 
from 3.0 to 2.5 hours both in the absence and presence of the PEG and 
improved the pH of the treated waste to around 6.0.
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7.1.9 The stoichiometry of the reaction between BPA removed and oxygen 
consumed to form insoluble polymers was found to be approximately 2 both 
in the presence and absence of PEG.
7.2 Process Kinetics
7.2.1 One-substrate kinetic studies at 0.25 mM O2 yielded the following values 
for the apparent Michaelis constants:
In the presence of PEG: Vmax (bis)= 0.047±0.002 mM.min'1, Km (biS)= 
0.573±0.073 mM, R2: 0.988, and
In the absence of PEG: Vmax (biS>= 0.013±0.001 mM.min'1, Km (biS)= 
0.185±0.043 mM, R2: 0.967.
7.2.2 PEG increased both total substrate consumption and initial velocities at 
each substrate concentration. However, enzyme specificity, Vmax/Km, was 
equal to 0.07 and 0.08 in the absence and presence of PEG, respectively, 
reflecting the approximately equal proportional changes in the two 
parameters upon inclusion of PEG.
7.2.3 One-substrate kinetic studies of 0.5 mM BPA yielded the following values 
for the apparent Michaelis constants:
In the presence of PEG: Vmax (0 2 ) = 0.013±0.002 mM.min'1, Km (02) = 
0.066±0.024 mM. .
In the absence of PEG: Vmax (0 2 f= 0.013±0.002 mM.min'1, Km (0 2 ) = 
0.093±0.031 m M .
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7.2.4 The enzyme specificity constant for oxygen consumption, which is the 
ratio of Vmax/Km, is 0.14 and 0.19 in the absence and presence of PEG, 
respectively
7.2.5 Based on the preliminary kinetic studies on BPA and oxygen, a two- 
substrate michaelis menten equation was proposed. The correlation between 
the predicted and experimental initial reaction rates was quite good 
indicating that the two-substrate model employed was suitable for describing 
the reaction kinetics. BPA concentration varied from 0.1-4 mM and 02  
concentration was from 0.188-0.25 mM. A Matlab program, used to evaluate 
kinetic parameters showed that the values of. Km(BPA), Vmax(BPA), Km(0 2 ), and 
kin in the absence of PEG were 0.184±0.08 mM, 0.013±0.009 mM.min' 1 , 
0.096±0.031 mM, and 0.095 mM'Vmin'1, respectively.
7.2.6 In the presence of PEG, the first three kinetic parameters, Km (bpa), Vmax 
(b p a ) and Km (0 2 ), were evaluated to be 0.59±0.043 mM, 0.051±0.004 
mM.min'1 and 0.069±0.024 mM, respectively. There was no loss in activity 
during the time course of the reaction, in the presence of PEG.
7.2.7 Preliminary examinations showed laccase produced as a recombinant 
enzyme, catalyzed the oxidative coupling of BPA to form its oligomers with 
C-C and/or C -0  bonds between bisphenol A moieties, possibly followed by 
cleavage of the oligomers to yield fragments plus 4-isopropenylphenol.
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CHAPTER 8
RECOMMENDATIONS
The target application of enzyme catalyzed polymerization process is to treat the 
real industrial wastewater at the sourse of production as well as influent to wastewater 
treatment facilities. The laccase catalyzed polymerization process must undergo further 
development before it can be used economically in industrial applications. This includes 
research into methods for stabilizing enzyme activity, identification and modelling of 
enzyme inactivation mechanisms, development of a continuous-flow system and an 
environmental impact assessment.
The majority of the cost for enzymatic treatment of wastewater is likely to arise 
from consumption of the enzyme. Therefore, methods for stabilizing and maintaining 
catalytic activity will contribute to the economic viability of the process. It has been 
demonstrated that, in the presence of PEG, laccase turnover increased significantly. 
Research is required to explain the protection of the enzyme from inactivation by PEG 
and to identify other additives which may potentially perform a similar function. The 
environmental and economic costs of using such additives should be evaluated. Other 
methods of stabilization including immobilization on a solid support should be 
investigated.
Kinetic modeling of laccase catalysis in a batch reactor has been successful due 
to the implementation of several simplifying assumptions. In order to extend the 
application of the model, further research is required to:
(i) identify the major mechanisms of enzyme inactivation,
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(ii) measure inactivation rates under various reaction conditions, and
(iii) develop reaction rate expressions for enzyme inactivation.
This refined model would be an invaluable tool for process development, 
optimization and scale-up.
Development of a continuous-flow reactor is essential. Process conditions which 
are likely to be important in optimizing the operation of the reactor system include pH, 
temperature, aromatic and laccase concentrations, enzyme concentration, retention time, 
number of reactor stages, mass transfer effects and influence of other contaminants (non­
substrates, dissolved salts, suspended solids, etc.). The development of the process should 
include application to synthetic and real wastewater matrices. Eventually, the process 
should be implemented at the pilot-scale for detailed performance and economic analyses.
The objective of waste treatment is to reduce the impact of waste on the 
environment. Since the enzymatic precipitation of aromatic compounds from solution 
involves the formation of polyaromatic by-products, there is a possibility that these 
products may prove to be more toxic than their monomeric precursors. Therefore, the 
nature of the soluble and insoluble products formed in the polymerization process must be 
characterized more thoroughly. An environmental impact assessment must be performed 
on all aspects of the treatment process, including:
(i) the nature and toxicity of soluble and insoluble by-products,
(ii) the fate of soluble and insoluble by-products, and
(iii) disposal alternatives for precipitated by-products.
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Appendix A 
Substrate Assay through Phenol Color 
Test
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Bisphenol A Concentration Assay
Bisphenol A concentrations were measured by using a colorimetric assay. Under 
alkaline conditions, the primary amine of 4-AAP exerts an electrophylic attack on the 
phenolic compound forming an intermediate compound which is subsequently oxidized 
by potassium ferricyanide to a red quinone-type dye (Figure A. 1), that absorbs at 506 nm 




H,C N  7 = 0  + HO-
H ,C- A = Z ■ i* 4
4-AAP Bisphenol-A
' r \
:-----------n  >H3C N„
R ed Q iinone-type Dye
QH5
Figure A. 1. Reaction between Bisphenol A (BPA) and AAP
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The absorbance is proportional to the initial concentration of bisphenol A in the 
assay. Reagents were added in the following order: 100-500 pL of aqueous bisphenol A 
sample, 100 pL of 20.8 mM 4-AAP in 0.25 M NaHCCb and 100 pL of 83.4 mM 
potassium ferricyanide in 0.25 M NaHC0 3  and water to a final volume of one mL. After 
10 min, the absorbance was read at 506 nm and the bisphenol A concentration was 
determined from a standard curve. The maximum concentration of bisphenol A in the 
assay mixture was <0.1 mM in order to maintain a linear relationship between color 
formed and bisphenol A concentration.
Materials:
Make 1. 0 mM Bisphenol A from 20 mM stock. Make 0.1 to 0.9 mM Bisphenol 
A from 1.0 mM.
Color phenol test reagents:
4-AAP (4-aminoantipyrine)




Magnetic stirrer and magnetic stir bar 
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Test Solutions:
0.8 mL of sample (H2O incase of Blank)
0.1 mL of AAP from -20 mM stock solution 
0.1 mL K3Fe(CN)6  from -80 mM stock solution 
(stock solutions made according to directions below)
Preparation of Samples:
For 0.1 mM final concentration in the cuvette, take 100 pL of 1.0 mM stock 
solution and 700 pL water. For 0.01 mM final, take 100 pL of 0.1 mM stock and 700pL 
water. For 0.02 mM final, take 200 pL of 0.1 mM, For 0.03 mM final, take 300 pL of 0.1 
mM, for 0.04 mM take 400 pL of 0.1 mM, For 0.05 mM final, take 500 pL of 0.1 mM, 
0.06 mM take 600 pL of 0.1 mM, For 0,07 mM final, take 700 pL of 0.1 mM, and for 
0.08 mM take 800 pL of 0.1 mM. Then add 100 pL of 20 mM AAP and 100 pL of 80 
mM K3Fe(CN)6 , mix the solution. The total volume of solution should be kept 1 mL. Let 
the solution stand for a few minutes and test in spectrophotometer at 506 nm.
Stock Solutions Made in 50 mL Volumetric Flasks:
20 mM 4-AAP in 0.25 M  NC1HCO3
0.2033 g of 4-Aminoantipyrine
12.5 mL of 1.0 M NaHC03 
Made up to 50 mL with H2O
83.4 mMKsFe(CN) 6  in 0.25MNaHCO3 
1.373 g of K3Fe(CN)6
12.5 mL of 1.0 M NaHC03
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Made up to 50 mL with H2O
Bisphenol A Standard Curve:
Using the data collected, plot Absorbance (y-axis) versus Bisphenol A 
Concentration (x-axis), Figure A.2. The standard curve has a slope of 14.71 a.u./mM. (r2 
= 0.998) with 95% confidence limits of 15.49-14.53 a.u./mM. The detection limit for 
bisphenol A in the assay mixture was estimated to be approximately 0.008 mM. Typical 
data collected and curve obtained are shown in table A. 1 and Figure A. 2 respectively.










1 0.01 0.17120 0.029 0.00083
2 0.02 0.30986 0.003 0.00001
3 0.03 0.44754 0.007 0.00004
4 0.04 0.59916 0.014 0.0002
5 0.05 0.72643 0.016 0.00026
6 0.06 0.87691 0.024 0.00055
7 0.07 1.02436 0.017 0.00029
8 0.08 1.17288 0.029 0.00085
9 0.1 1.51106 0.013 0.00017
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Figure A.2. Standard Curve for Bisphenol A (BPA) at 506 ran maximum wavelength
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Appendix B 
Substrate Assay by HPLC Test
205
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Bisphenol A Concentration Assay
Bisphenol A concentrations were measured by using a HPLC assay in order to 
compare the results with phenol color test. HPLC determines the actual conversion of 
BPA while phenol color test measures all the soluble phenolic groups in the reactors, that 
includes soluble dimers as well as BPA itself.
Initial BPA UV-VIS Wavelength Measurement
As HPLC was equipped with the UV-VIS detector, the UV wavelength of BPA 
was defined by using a Hewlett Packard Diode Array Spectrophotometer Model 8452A 
(with a wavelength range of 190-820 nm and 2 nm resolution). Figure B.l shows the 
results of 0.015 Mm BPA concentration, as an example to, define the proper wave length 
of BPA in the range of UV-VIS detector.
BPA standard Curve Using HPLC Peak Area
In order to obtain proper standard curve, different concentrations of BPA ranging 
from 0.1 to 1 mM were prepared. The samples were prepared based on the following 
recipe. The UV-VIS detector was set at 278 nm for bisphenol A. The results are plotted in 
Figure B.2. The concentration of BPA is linearly proportion to peak area of HPLC peak. 
10 mL from HPLC vials were injected in to HPLC. Solvent proportion was set for 40% 
acetonitrile, 60% water (acidified with 1% phosphoric acid prior to use). It was found that 
BPA authentic standard had a retention time of 8.55 minutes.
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Preparation of Samples:
For 0.1 mM final concentration in the cuvette, 100 (iL of 1.0 mM stock solution 
BPA and 900 \xL water was used. For 0.2 mM final, 200 |iL of 1.0 mM stock solution 
BPA and 800 pL water was used. Preparation of other concentrations was done by 
increasing the amount of BPA and reducing the volume of water accordingly.
•Q v 0 5 4  :s 5  5
Figure B.l: BPA UV-VIS maximum wave length using Spectrophotometer 
Condition: BPA Concentration cuvette 0.015 mM (blank with water)
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Figure B.2: BPA standard curve by HPLC. Condition: BPA Concentration in 
stock samples from 0.1- 1.0 mM , wavelength set at 278 nm Injection conditions: 10 mL 
from HPLC vials. Solvent proportion: 40% acetonitrile, 60% water
In order to measure the concentration of BPA in the batch reactors, 900 pL 
aliquots from batch reactors were quenched with 100 pL of 0.5 M hydrochloric acid and 
were mixed well. The acidified samples and controls were filtered before HPLC analysis 
to prevent any possible clogging. The peak area results were converted to BPA 
concentration using the standard curve (Figure B.2).
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Laccase Activity Assay
The purpose of the enzyme activity assay is to determine the amount of active 
enzyme that is present in a solution.
The laccase activity was measured by using an assay based on syringaldazine as 
a substrate. Under saturating conditions of syringaldazine, the initial rate was measured 
by observing the rate of color formation in a solution. Nineteen micromolar 
syringaldazine (4,4’-[azinobis (methanylylidene)] bis(2,6-dimethoxyphenol)) was 
oxidized to the corresponding quinone 4,4’- [azinobis(methylylidene]) bis(2,6- 
dimethoxycyclohexa-2,5-dien-l-one), under aerobic conditions. The products of the 
reaction formed a purple colored solution that absorbed light at a peak wavelength of 530 
nm. All the components were provided in excess; therefore, the rate of reaction became 
directly proportional to the enzyme activity (Felby, 1998).
Preparation of Solutions:
MES buffer for laccase SP504 (23 mM, pH 5.5±0.05)
2.66 g of MES
1.0 mL 2 M sodium hydroxide 
Distilled water to 1 L
Syringaldazine solution (0.38 mM)
6.8 mg syringaldazine in flask
25 mL of 96% ethanol dissolved 1.5 hours
Distilled water to 50 mL
Stored in dark
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Procedure
In a semi-micro cuvette, the above solutions were combined in the following
order:
850 pL of MES buffer pH 5.5
50 pL of 0.38 mM syringaldazine solution
100 pL of enzyme solution
Preparation of Samples:
The sample volume was 1 mL and the rate of color formation was measured
before substrate depletion becomes significant. Immediately after the addition of the 
sample, the cuvette was shaken and then placed in the spectrophotometer to monitor the 
absorbance change with time at 530 nm. The change in absorbance was measured at 15 s 
and 75 s. The oxidation mechanism is given in Figure C. 1.
Figure C.l: The laccase-catalysed oxidation of syringaldazine to its 
corresponding quinone (Sanchez-Amat and Solano, 1997).
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Calculations:
i) The activity in the cuvette in terms of micromoles of syringaldazine 
converted per minute at 20°C at pH 5.5:
Activity in the cuvette (LACU/mL)
= (AA* 1 .OmL * 10-3 * D)/(0.065 * 0.lmL) = AA *0.1538 * D 
where:
AA = Change in absorbance per minute: = A75s -  A15s 
The range of absorbance should be 0. 1 to 0.4 A A / min 
1.0= Total volume in cuvette (mL)
0.065 = Micro-molar extinction coefficient (pM/L)
10'3 = Conversion factor from LACU/mL to LACU/L 
D = Dilution factor.
ii) The activity of the sample:
Activity in enzyme sample added to the reactor (LACU/mL)
= Activity in the cuvette (LACU/mL)* reactor volume (mL)/ enzyme solution 
added to reactor (mL)
iii) Correlation of enzyme activity with Novo specific activity
The stock solution used for enzyme had an activity of 200 LACU/mL specified 
by Novo Enzyme. However, when the activity test was performed at room temperature 
for enzyme solutions of known concentrations and enzyme activity was calculated at 
room temperature, according to the formula given above, the activity determined did not 
match with the Novo specified activity. A calibration curve was prepared to correlate 
enzyme activity specified by Nova and experimentally determined enzyme activity. All
212
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the enzyme activities reported in the thesis are Nova activities correlated from the 




P w  0.0002
0.0001
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Activity Measured in the Lab 
(LACU/mL)
Figure C.2: Calibration Curve for Correlating Enzyme Activity Measured in the 
Laboratory at room Temperature and Nominal Activity Specified by Novo Enzyme
Effect of PEG on Laccase Activity Test
In series of experiments in this thesis, PEG was used as an additive in the batch 
reactors. Before making any interpretation of activity results it was important to check the 
effect of PEG itself on the activity test. For this purpose, series of activity tests laccase
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was replace by PEG in the activity test. In a semi-micro cuvette, the solutions were 
combined in the following order:
850 pL of MES buffer of pH 5.5
50 pL of 0.38 mM syringaldazine solution
100 pL of PEG solution in the manner to provide PEG concentrations of 25, 50, 
75, 100, 150 and 400 mg/L PEG, in the cuvette.
Table C. 1 shows that PEG had no effect on the activity results.
Table C. 1. Effect o f  polyethylene glycol (PEG) on laccase activity test (at 530 nm wavelength)
PEG 25 mg/L 50m g/L
Absorbance 1st 2nd 3rd 1st 2nd 3rd
530nm Iteration Iteration Iteration Iteration Iteration Iteration
15 0.00062 0.00231 0.00786 0.00031 0.00115 0.00102
75 0.00334 0.00523 0.00966 0.00063 0.00246 0.00105
delta 0.00272 0.00292 0.0018 0.00032 0.00131 3E-05
PEG 75mg/L lOOmg/L
Absorbance 1st 2nd 3rd 1st 2nd 3rd
530nm Iteration Iteration Iteration Iteration Iteration Iteration
15 0.0022 0.00456 0.00005 0.00052 0.00222 0.00153
75 0.00109 0.00181 0.00062 0.00055 0.00253 0.00232
delta -0.00111 -0.00275 0.00057 3E-05 0.00031 0.00079
PEG 150mg/L 400mg/L
Absorbance 1st 2nd 3rd 1st 2nd 3rd
530nm Iteration Iteration Iteration Iteration Iteration Iteration
15 0.0143 0.00087 0.00056 0.0015 0.00426 0.00024
75 0.00188 0.00108 0.00066 0.00109 0.00101 0.00065
delta -0.01242 0.00021 0,0001 -0.00041 -0.00325 0.00041
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Appendix D 
Total Organic Carbon (TOC) Test
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Total Carbon and Total Organic Carbon in the Aqueous Phase
Total carbon (TC) and total organic carbon (TOC) in aqueous samples were 
measured using TOC analyzer (T O C -V csh/T O C -V csn), Shimadzu Corporation, Japan). A  
pure oxygen gas is used as carried gas that flows at 150 mL min'1 to combustion tube, 
which has been filled with an oxidation catalyst, and heated to 680°C. The TC of a 
sample is burned in the combustion tube to form carbon dioxide. The carrier gas 
containing the CO2 and other combustion products flows from the combustion tube to a 
dehumidifier, where it is cooled and dehydrated. Then it is passed though a halogen 
scrubber before it reaches the cell of a non-dispersive infrared (NDIR) gas analyzer, 
where the CO2 is detected.A standard stock solution of 1000 mg/ L, TC was prepared by 
dissolving 1.0 g of potassium hydrogen phthalate in 1L water. This stock solution was 
then used to prepare 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg/L solutions of TC were 
injected into TOC analyzer and peak area obtained for each concentration is recorded and 
plotted vs. respective TC concentration. The TOC is measured by subtracting inorganic 
carbon (IC) value from TC value. A  1000 mg/L inorganic carbon (IC) solution was first 
prepared by dissolving of 3500 mg/L sodium hydrogen carbonate and 4410 mg/L sodium 
carbonate. The standard IC calibration was also prepared by following same method that 
used in determination of TOC. For each sample the instrument was changed into TC and 
IC mode and proper calibration plot number was fed into system.
Once the TC and IC value were obtained from the instrument, TOC was then 
calculated using following relationship:
Total organic carbon, mg/L = Total carbon, mg/L - Inorganic carbon, mg/L 
(TOC) (TC) (IC)
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To calculate the TOC of PEG, the following equation was used.
TOC of remaining PEG = Total TOC -  TOC of remaining bisphenol A -  TOC of buffer. 
TOC of bisphenol A can be calculated from bisphenol A standard TOC
calibration curve (Figure D. 1).
200.00
180 .00




8 0 .00  
6 0 .0 0  -
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Figure D.l: The Total Organic Carbon (TOC) concentration of authenthetic BPA 
concentration
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TOC of PEG can be calculated from PEG standard TOC calibration curve
(Figure D.2).
90.00
0 .5 0 7 1 x+  1.2983 
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Figure D.2: The Total Organic Carbon (TOC) concentration of standard PEG
218
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TOC of acetate buffer can be calculated from acetate standard TOC calibration 
curve (Figure D.3).
120
y= 11141x+ 1.3659 
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Figure D.3: The Total Organic Carbon (TOC) concentration of standard acetate buffer
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DO Modified Azide Titration Procedure
Chemical Titration of Dissolved Oxygen Concentration
Chemical titration for dissolved oxygen was carried out both for probe 
calibration and confirmation of experimental results. Standard methods Azide 
Modification (APHA et al., 1998) was used in this research. Under strong alkaline 
conditions, dissolved oxygen can oxidize divalent manganous hydroxide rapidly and 
produce hydroxides of higher valency manganese. In the presence of iodide ions and upon 
acidification, the oxidized manganese reverts to the divalent state, with the liberation of 
iodine equivalent to the original DO content in the sample. The iodine is then titrated with 
a standard solution of thiosulfate.
The Procedure for Calibration of the Probe:
Deionized water was bubbled with compressed air for over 24 hours to reach 
saturation level. The bubbling was stopped and deionized water was kept open to the air 
for 24 hours to achieve steady-state DO. 250 mL of the water was titrated by using the 
Azide Modification Method (APHA et al., 1998). This DO concentration was used to 
calibrate the probe of monitor by setting the value of probe equal to 100%. This meant 
that the 100% value of probe was equaled to the saturated DO concentration at that 
temperature.
The following procedure was used to check the accuracy of experimental results. 
A series o f laccase-catalyzed bisphenol A reactions with oxygen were carried out and the 
probe was used to determine the remaining DO at different times. At a certain time, 
reaction was stopped by adding strong alkali. The DO concentration was analyzed by the 
Azide Modification Method and compared with the probe values.
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This procedure was repeated several times for different reactions at different DO 
values. Figure D. 1 shows the comparison of the two sets of values. The line of best fit 
clearly shows that the probe was responding properly and correctly to the change in DO 
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Figure E .l: The dissolved oxygen (DO) concentration relationship between probe
measurement and titration
Azide Modified Method Reagents
a. Manganese sulfate solution: Dissolve 480 g MnSO^HaO in distilled water, 
filter and dilute to 1 liter.
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b. Alkali-iodide-azide reagent: Dissolve 500 g sodium hydroxide, NaOH, and 
135 g sodium iodide, Nal, in distilled water and dilute to 1 liter. To this solution 
add 10 g sodium aide, NaN3, dissolved in 40 mL distilled water.
c. Sulfuric acid, concentrated: The strength of this acid is about 36 N.
d. Starch: Add 5 g soluble starch to 800 mL boiling water while stirring. Dilute 
to 1 liter, allow to boil for few minutes and let it settle overnight. Use clear 
supernatant.
e. Sodium thiosulfate stock solution, 0.10 N. Dissolve 24.82 g Na2 S2 0 3 .5 H2 0  in 
boiled and cooled distilled water and dilute to 1 liter. Preserve by adding 1 g 
NaOH per liter.
f. Standard sodium thiosulfate, 0.0250 N: Dilute 250.0 mL sodium thiosulfate 
stock solution to 1,000 mL freshly boiled and cooled distilled water.
Procedure:
a. To the sample collected in a 250 mL bottle, add 2 mL manganese sulfate 
solution, followed by 2 mL alkali-iodide-azide reagent, well below the surface of 
the liquid; stopper with care to exclude air and mix by inverting the bottle at 
least 15 times. When the precipitate settles, leaving a clear supernatant above the 
manganese hydroxide floe, shake again. After at least 2 minute, period of settling 
has produced at least 100 mL of clear supernatant, carefully remove the stopper 
and immediately add 2.0 mL concentrated H2 SO4 by allowing the acid to run 
down the neck of the bottle, restopper, and mix by gentle inversion until 
dissolution is complete.
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b. Titrate with 0.0250 N thiosulfate solution to a pale straw color. Add 1-2 mL 
starch solution and continue the titration to the first disappearance of the blue 
color.
Calculation
Because 1 mL 0.0250 N sodium thiosulfate titrant is equivalent to 0.200 mg DO, 
so:
Dissolved oxygen (mg/L) = titrant value (mL)/ sample volume (L)* 0.2 (mg/mL)
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